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Preface 


In  thin  study,  the  performance  of  a system  to  evaluate 
the  static  characteristics  of  magnetic  bubble  films  was  in- 
vestigated. The  system  consisted  of  a laser-illuminated 
sample  and  diffraction  angle  measuring  apparatus  in  con- 
junction with  spatial  filtering  of  unwanted  diffraction 
orders.  It  was  determined  that  stripewidth,  characteristic 
length  and  magnetization  could  be  measured  but  that  signif- 
icant difference  existed  between  the  results  of  this  study 
and  the  manufacturer's  data. 

I wish  to  express  my  appreciation  to  the  following  in- 
dividuals, whose  guidance  and  technical  support  made  this 
study  possible*  Professor  J.  Lubelfeld,  my  faculty  advisor; 
Capt  Robert  E.  Johnson,  my  thesis  sponsor;  Dr.  Millard  G. 
Mier  and  Mr.  John  M.  Blasingame,  of  the  Air  Force  Avionics 
Laboratory  (^PAL);  Mr.  Jack  Tiffany  of  the  AFIT  school  shop 
who  constructed  some  of  the  apparatus;  and  Maj . Clark  W. 
Searle,  USAFK . I wish  to  express  special  appreciation  to  my 
wife,  Barbara.  It  was  her  devotion,  patience  and  toil  that 
made  the  AFIT  experience  so  rich  and  rewarding. 


Robert  A . McDonald 
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Notation 

a absorption  constcint  for  light  in  Garnet  films 
cm  centimeter 

D stripe  period  in  micrometers 

Dpp  magnetic  bubble  film  - spatial  filter  distance  in 
inches  or  centimeters  as  noted 

F Faraday  rotation,  degrees  per  cm 

G Gauss 

HA  applied  magnetic  field,  DC,  Oersteds 

Hcol  bubble  collapse  field,  Oersteds 

Hk  anistropic  field.  Gauss 

Ku  uniaxial  anisotropy  constant,  erg/cm2 

L characteristic  length,  micrometers 

X wave  length  of  laser  in  urn 

M magnetization.  Gauss 

mw  milliwatt 

Ms  saturation  magnetization.  Gauss 

Oe  Oersteds 

sd  Standard  Deviation 

o^y  domain  wall  energy,  erg/cm^ 

urn  micrometer,  1 urn  = lO'^meters 

V mobility,  cm/second-Oersted 

W domain  stripewidth,  micrometers 
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The  priiiiai'y  objectivei;  of  Diia  ytuiiy  were  to  eor.fir’' 
tlu'  apatial  ri  Itei'ir.,’.  technique  for  the  static  charactei'i  ca- 
tion of  4 to  7 un  stri])ewidth  inn(';nc'ti c bubble  fil’rr,  and  lo 
exterai  the  technique  to  1 to  J urn  stripewidth  filr'.r.  Also 
an  objective  was  to  detei'mine  the  uncertainty  in  4nVj-  viilue 
if  infinite  U -L  cl  L>  Lf  ui’.ed , when  in  fact  a ir.ore  modest  value 
(3'^''^<5)  is  present. 

The  spatial  filtorinf.  technique  used  the  diffj'action 
f^ratinf:  pi'operties  of  a magnetic  bubble  film  in  conjunction, 
with  the  equations  of  Kooy  and  Lnc  to  detei'mine  sti'ipewi dth , 
characteristic  lenfth,  and  saturation  masnotication . Tlie 
spatial  filter  removes  unwanted  orders,  from  tlie  diffi'uction 
pattern.  The  filtered  si£;nal  is  focused  on  a photodctector 
and  the  first  order  diffraction  an.’le  measured  to  fii'.d  stripe- 
width  and  the  second  order  to  find  saturation  r.a,'';neti  cati  on . 

The  Kooy.  and  mne  equation  were  con.putei'  proprar.imed  and 
tables  and  plots  of  chai'acteri stic  len,-’:th/'th ickness  and 
applied  f iold/saturation  n'af;nctii'.at  ion  prepared.  .^The  v^uality 
factor  dei'endcnce  of  the  equations  was  investipiated  and  it  is 
shown  tliat  for  a duality  factor  of  3»  ‘‘>''d  a domain  period/ 
thickness  of  O.fi  a l4  percent  vincoi'tai  nty  in  the  saturation 
ma{':noti  r.ation  could  be  incui'rod  . 

The  results  of  tiie  experimental  portion  of  tins  stuvly 
do  not  confirm  the  si>atial  filtorin,*';  teoj^'.niquo  for  4 to  7 r.m 
films  nor  extinid  it  to  1 to  3 stripowuith  films..  Of  ro 
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trialr  to  mcnruro  ytrijiuv.-i  d th  in  to  ? filna  only  12 
were  within  10  percent  of  manufacturer's  data.  Saturation 
ina/^neti zation  value.s  were  up  to  50  percent  of  manufactur- 
er’s data.  It  is  considered  possible  that  lack  of  suitable 
mafpiotic  precond j tionirf:  before  takinf;  measurements  contrib 
u'*’cu  to  the  di.scrcpancy  between  data  obtained  from  this 
study  anci  manufacturer's  data. 


I . Introduction 

Ma{^ctic  bubble  dif;ital  storage  and  processing  systems 

O 

are  one  method  of  obtaining  large  bit  capacity  com- 

puter data  storage  units.  The  Air  Force  is  interested  in 
obtaining  a large  computer  system  with  no  moving  parts,  ex- 
treme reliability,  small  size,  lightweight,  and  stringent 
environmental  capability.  The^e  requirements  are  currently 
met  by  rugged  mechanical  systems,  i.e.,  disk,  drum,  and  tape. 
One  use  of  magnetic  bubble  memories  is  to  replace  a satel- 
lite digital  tape  recorder  that  must  have  zero  power  stand- 
by requirements 5 high  untended  reliability;  environmental 
capabilities  of  -25°C  to  +75°Cj  radiation-hardness ; and  min- 
imal gyroscopic  effects.  Data  access  time  can  be  in  seconds 
for  this  type.tnass  storage.  These  requirements  are  expected 
to  be  ideally  met  by  magnetic  bubble,  mass-storage  devices 
featuring  block  access  (Ref  2:1-2). 

Magnetic  bubble  technology  today  does  not  satisfy  all 
of  the  requirements  for  spacecraft  and  airborne  use,  but  the 
technology  is  young  and  new  materials  for  devices  are  still 
in  the  developmental  stage.  Currently  4 to  6 urn  diameter 


bubbles  are  the  industry  standard,  but  2 to  3 urn  bubble  ma- 
terials are  being  actively  investigated  (Ref  5» 12/1-1),  and 
even  smaller  bubble  diameter's  are  bcin/;  contemplated. 


* A 


The  matcriaL  xir.ed  for  cuiTont  devices  is  1 \ quid-phar.e 
epitaxially  frown  f.ai’net  film  on  a fadolinixjm  fallixim  farnet 
(3  G)  substrate.  (Kef  Chrxractei-iv.ati  on  of  llu'se 

fai'net  films  foi-  dt'vice  usx'  is.  of  pi’ime  importance  to  bx'tter 
understand  and  utili'/c  these  materials  in  devices.  Also 
testinf  and  defect  detection  for  sample  and  production  lains 
of  davico  fi-nde  material  is  becominf  incroasinfly  important. 

Ob.jcetiv(s: 

The  objectives  of  this  stvidy  were: 

1.  Confirm  the  techniiiue  for  static  characterisa- 
tion of  Dr.  1\ . D.  lU^nry  usinf  spatial  filtx'rinf 
of  a bubble-film  diffracted  laser  beam  (Ivef  10, 

11,  12). 

2.  Extend  tlic  spatial  filterinp  teclmiqvic  from  the 
present  4 to  6 um  stripowidth  films  to  1 to  3 urn 
stripewidtli  films. 

3.  Determine  the  effect  of  the  Quality  factor  (Q)  on 
the*  measurement  of  saturation  maf;neti  aati  on  (I's). 

4.  Determine  if  any  mafnetic  pi'e-condi  tioninf,  of  tlic 
sample  is  reciuired  and  if  so,  what  type  yields, 
the  most  consistent,  repeatable  resxilts. 

5.  Determine  if  aintijlo- sided  films  yielil  the  same 
static  chai'acteristics  as  doxible-si <leil  films. 

6.  Determine  if  the  teehnique  can  be  used  to  measure 
the  anisotropy  field,  Hk . 

.IfliD'Hia  t_i  pjtx 

Poljiri  v’.at  ion  mici'oscojty  and  spx'c  I riq>hotome1  i\v  are  the 
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prcf.ont  moann  of  chriractori  zinp  mn<’:ric*t5  c bubhlo  (lomaina  in 
thin  parnt't  filina.  Tlic  static  pfopofti  or:  of  the  ilon.ains  are 
detofmined  by  Tncasuriti^’;  the  film  thickness  (H)  by  speetro- 
photometiy.  The  sti  ipewidth  (.<').  snd  collapse  fieid  (llcol  ) 
are  measured  by  polari  ;',ati  on  microscopy  (bef  ?il9l0*  Tliesc 
measurements,  ai'e  apiilied  to  theoretical  models  deve.l('ped  by 
Kooy  and  Ex\z  (I960),  (Kef  15)  or  Thiele  (Ixef  2?),  and  the 
static  bubble  ciiaracteristics  are  calculated.  The  static 
characteristics  of  interest  in  device  manufacture  arej  cliar- 
acteristic  length  (L),  saturation  na<’;noti  zati on , and  domain 
wall  Cnerfiy  . The  anisotropy  constant  (Ku)  is  obtf\ined 

from  the  susceptibility  measured  usinp  an  optical  marnetome- 
tei',  and  coercivity  (Jic)  from  the  sti'ipo  domain  response  to 
an  AC  field  (Hef  ?» 191)  • 

The  characterisation  of  films  is  important  because  it 
is  fi'om  the  st.atic  and  dynamic  pi’operties  of  bubl'i  es  that 
suitability  for  devices  is  detei'mined  . Results  of  s.tatic 
characterization  are  used  in  several  ways  by  t))e  device  man- 
ufacturer.  For  exam, pic,  to  prevent  the  set f-demarneti '/.a ti on 
an<l  the  spui'ious  ci'eation  of  bubble  domains,  the  nucleation 
field  should  be  larpor  tlian  the  demarncti '/.inp.  field,  i.e., 

Hk  > (1) 

In  the  primarily  optical  processes  usetl  to  date  for 
cluD’acteri  Kati on , there  are  sevei'al  problem  areas.  In  the 
firs.t  place,  moderate-si  zed  bubble  (4  to  7 um)  devices  are 
in  the  production  r.tap.e,  and  since  eachv'iln'  prown  iequires. 

.a  charact(’ri;’.ation  check,  the  cost  of  luavinp  a skilled  mi- 
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croscopist  check  each  wafer  is  becoming  significant.  Sec- 
ondly, new  materials  aire  being  explored  for  their  usefulness 
as  bubble  domain  memories,  amd  these  new  materials  have 
smaller  bubbles.  Polarization  microscopy  is  limited  in  res- 
olution to  approximately  1 urn.  New  methods  must  be  found  to 
obtain  the  characteristics  of  magnetic  bubble  materials  as 
bubble  size  and  film  thickness  decrease  (Ref  10j1285)- 

In  CGS  units  iMMg  is  the  magnetization  in  Gauss  and  in 
a perfect  crystal,  Hk  is  the  anisotropy  field  which  is  the 
same  as  the  nucleation  field  (Ref  I31I69).  It  is  from 
static  characterization  that  Hk  and  are  obtained. 

Spatial  filtering  is  a new  technique  proposed  for  meas- 
uring the  static  bubble  parameters  of  W,  and  iWiMg . The 
spatial  filtering  method  conceives  the  bubble  film  as  a 
binary  magnetic  grating  as  described  by  Ji'ezrich  (Ref  17) 
and  Haskel  (Ref  8).  The  information  about  the  magnetic  prop- 
erties is  contained  in  the  first  and  second  order  diffracted 
beams,  and  after  appropriate  mathematical  treatment,  devel- 
oped by  Henry  (Ref  10,  11,  and  12)  from  the  theory  of  Kooy 
and  Enz  (Ref  15)1  the  static  parameters,  W,  L,  and  are 

obtained . 

Implementation  of  the  Spatial  Filtering  Technique 

The  first  order  diffraction  pattern  contains  the  infor- 
mation about  stripewidth,  while  the  second  order  beam  con- 
tains information  about  ^Mg  when  the  applied  field,  Hk  re- 
sults in  a magnetization  equal  to  1/2  Fg.  The  unwanted  dif- 
fraction orders  are  removed  by  an  annular  pass-ring  spatial 
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filter.  The  resultant  light  is  collected  by  a lens  and  fo- 
cused on  a photodetector.  In  essence  one  is  measuring  the 
first  order  diffraction  angle  for  W and  the  second  order  dif- 
fraction angle  for 

The  optical  setup  required  for  the  measurements  con- 
sisted, in  final  design,  as  a 15  milliwatt,  Helium-Neon 
Laser,  coil  structure  for  applying  a DC  and  AC  field,  sample 
holder,  annular  pass-ring  spatial  filter,  lens,  and  photo- 
detector, all  mounted  on  an  optical  bench.  The  spatial  fil- 
ter was  an  aluminized  glass  slide  (except  for  a O.6326  inch 
mean  radius  ring  with  a width  of  O.030  inch).  If  an  AC  mod- 
ulating field  was  used  the  output  of  the  photodiode  was 
connected  to  a phase-lock  amplifier.  If  DC  voltage  was  used 
to  locate  the  maximum  output  of  the  photodiode,  then  the 
photodiode  was  connected  to  a microvoltmeter.  The  maximum 
response  of  the  photodiode  was  obtained  by  positioning  the 
spatial  filter  along  the  optical  bench  and  the  diffraction 
angle  calculated.  The  Kooy  and  Enz  model  was  used  to  find 
characteristic  length  (L)  and  a new  spatial  filter  position 
calculated  to  find  ^nMg.  The  spatial  filter  is  positioned 
at  this  new  position  and  the  DC  field  swept  for  maximum  re- 
sponse of  the  photodiode.  The  DC  field  was  measured,  ap- 
plied to  the  Kooy  and  Enz  model,  and  determined. 

The  films  chosen  were  manufactured  by  various  U.  S. 
companies  and  were  single  layer,  double  sided,  1 in  diameter 
films  epitaxially  grown  on  3^  substrates.  Films  with  a zero 
field  stripewidth  of  4 to  7 urn  and  1 to  3 urn  were  cleaned. 
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mounted  and  charactei'ized  in  the  apparutuu . I'no  I'iln,  iiumber 
l-9-3i  v/aa  cleaned,  ar'.d  one  side  etched  away  until  the  a.OTijile 
wan  a uin,",lo-Hided  film  on  aubatrate. 


Weaultr 

T)ie  i’eaulta  of  t)ie  ntudy  do  not  confirm  the  njiatial  fil- 
terinf  technique  for  the  atatic  c)iaracteri '/ation  of  ma(\netic 
bubbLe  films.  Cut  of  20  trials  usirif^  the  spatial  filtei’ing 
apparatus  to  measure  :I  in  4 to  7 urn  films  only  3 were  within 
1 percent  of  the  manufacturer's  data  and  these  three  were 
for  one  film.  Cf  the  20  trials,  12  deviated  less  than  10 
percent  from  the  manufacturer*^  data.  For  tlie  1 to  3 urn 
films  tested  only  3 out  of  12  trials  were  within  5 percent 
of  manufacturer's  data. 

The  4nMg  value  for  4 to  7 urn  films  was  measured  in  9 
trials  and  only  1 trial  was  within  10  percent.  The  otJiei' 
measurements  sliow  deviation  from  the  manufacturer's  data  of 
up  to  -51  percent.  Only  two  of  the  1 to  3 films  could  be 
tested  for  4nji*s  and  the  values  ranfte  from  + 1 percent  to  + 61 
percent  of  the  manufacturer's  data.  There  was  nc  systematic 
pattern  to  the  difference  between  manufacturer's  data  atid 
spatial  filtering;  data. 

The  theoretical  part  of  the  study  showed  that  if 
is  desired  to  1 percent  for  1 to  3 urn  films  tlien  Q depend- 
ence in  the  Kooy  and  h'n?;  equations  must  be  accounteii  for. 
Industrial  practice  is  to  treat  Q as  infinite  wlieii  usinp, 
these  equations,  measure  and  then  meas.ure  the  aniso- 

tropic field  Ilk.  An  estimate  of  U is  then  oi'tainc'd  t'y  di- 
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viding  Hk  by  4nMg.  It  was  found  that  for  a domain  period/ 
thickness  (D/H)  of  0.7  a 14  percent  uncertainty  in  4^r^^g 
would  be  induced  in  the  Kooy  and  Enz  equation  if  Q were 
treated  as  infinite  but  in  fact  Q was  3 • 

Possible  reasons  for  the  failure  to  confirm  the  spatial 
filtering  technique  were  examined  and  the  most  plausible  ex- 
planation is  that  an  improper  preconditioning  technique  was 
applied.  No  technique  tried  yielded  results  consistently 
within  10  percent  of  manufacturer's  data.  Unfortunately, 
equipment  was  not  available  to  try  Henry's  preconditioning 
technique.  He  used  a slow  (10  sec  period)  ramped,  sinusoidal 
saturating  field  electronically  controlled  (Ref  12il529)- 
Other  possible  reasons  for  failure  includei  1)  magnetic  or 
physical  defects  in  the  films,  2)  the  manufacturers'  optical 
data  may  be  inaccurate,  and  3)  the  passband  of  the  spatial 
filter  may  be  too  narrow.  These  possibilities  are  discussed 
in  the  Conclusions  section  of  this  report. 

Presentation  of  the  Report 

This  study  begins  with  the  description  of  the  static 
parameters  required  for  characterization  in  Chapter  II.  An 
outline  of  the  theory  of  diffraction  by  thin  magnetic  films 
is  also  presented.  The  Kooy  and  Enz  model  for  stripewidth 
response  to  applied  magnetic  fields  is  discussed  and  it  is 
shown  how  the  static  parameters  J and  4TTW;g  may  be  obtained 
from  the  model.  The  constraint  on  VJ  and  UrrKg  with  regard  to 
quality  factor  is  analyzed  and  the  technique  of  using  in- 
finite Q for  practical  measurements  is  discussed. 
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In  Oiapter  111  the  experimental  apparatus;  ia  deaerjbed 
in  detail  alon^r  with  the  various  aetupa  used  in  attemptr,  to 
measure  .1  and  . The  lasscr  lifht  s;ource  and  sipinal  detec- 

tion equipment  is  discussed  and  the  different  types  of  sipnal 
detection  schemes  presented.  This  chapter  also  includes  the 
technique  used  to  photoni'aph  diffi'action  patterns  which  were 
used  to  confii’m  that  usable  information  exists  in  the  dif- 
fraction patterns  and  to  explain  possible  reasons  why  tiic 
results  are  not  as  expected.  The  construction  details  of  the 
apparatus  and  sample  preparation  are  also  discussed.  This 
chapter  concludes  with  a discussion  of  the  physical  measure- 
ments required  and  the  expected  precision  of  the  results. 

Chapter  IV  details  the  experimental  procedure  and  lists 
the  steps  required  to  measure  and  calculate  W,  L,  and 
A sample  calculation  is  also  provided. 

Chapter  V lists  the  results  in  11  tables  and  describes 
the  films.  Chapter  VI  pi’csents  the  conclusions  and  recom- 
mendations of  .the  study.  Chapter  VI  also  discusses  the  pos- 
» 

sible  sovirces  of  discrepancy  in  the  measurements  and  calcu- 
lations . 

Appendix  A lists  the  equipment  used  with  specifications, 
while  Appendix  B (?:ives  the  Fortran  computer  pro, "ram  for  HA/ 
^nlv’g  and  a sample  from  the  table  is  also  provided . 
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The  Static  Characterization  of  Magnetic  Rubble  Film 


Introduction 

A number  of  factors  influence  the  design  of  magnetic 
bubble  devices  but  three  that  are  very  important  are  thick- 
ness, characteristic  length,  and  magnetization.  The  thick- 
ness is  important  because  both  Thiele  (Ref  22)  and  Kooy  and 
Enz  (Ref  15)  use  H as  a fundamental  boundary  value  in  the 
solution  of  their  equations.  Characteristic  length  is  im- 
portant because  it  is  used  in  the  determination  of  optimum 
thickness  and  probable  stable  bubble  diameter.  Magnetiza- 
tion is  used  in  several  ways  but  one  important  way  is  in  the 
prediction  of  bubble  velocity.  These  analytical  and  device 
considerations  emphasize  the  importance  of  static  material 
characterization. 


Characteristic  Lenirth  and  Domain  Dimensions 


Figure  1.  Stripe  Domains  of  Alternating  Magnetization 
Zero  Applied  Field 


9 


AFIT/GH/iiE/77-27 


Characteristic  length  is  defined  as  (Hef  1:24) 


4nMg^ 


Here  is  defined  as  the  energy  per  unit  area  of  a domain 
wall  and  Wg  is  the  saturation  magnetization  in  CCS  units. 
Characteristic  length  is  of  interest  because  it  governs  the 
scale  of  domain  sizes  characteristic  of  a given  magnetic 
bubble  material.  Thiele  has  shown  the  optimum  thickness  of 
a bubble  film  to  be  4L  and  the  mean  stable  bubble  diameter 
to  be  8L  (Ref  7*170) . 

The  approach  commonly  in'  use  today  is  to  use  the 
Thiele  theory  for  the  diameter  of  a bubble  either  at  the 
stripe  to  bubble  transition  or  at  bubble  collapse.  Several 
difficulties  are  inherent  in  this  approach.  The  first  and 
most  important  is  that  as  bubble  diameters  decrease  to  1 to 
3 urn  the  resolution  of  the  bubble  collapse  field  becomes 
limited  by  the  wavelength  of  light.  Also,  the  observable 
accuracy  of  th*e  stripe  to  bubble  transition  point  is  limited 
both  by  coercivity  effects  in  real  samples  and  by  the  abil- 
ity of  the  eye  to  detect  changes  in  small  noncircular  dis- 
tortions, that  is,  the  point  at  which  a' stripe  transitions 
to  a bubble  under  the  influence  of  an  applied  field  (Ref  20: 
56)  . Shaw,  £t  , maintain  that  an  accuracy  of  ±7  percent 

is  the  best  possible  for  optical  measurements  from  bubble 
transition  states  (Ref  20: 57) • 

The  normal  domain  period  for  a magnetic  bubble  sample 
in  zero  applied  field  is  a serpentine  array  similar  to 
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I Figure  1.  The  alternate  roj’.iona  of  mapnotir.ation  will  liave 

j equal  width  in  oi'dor  to  yield  a net  mat’jietic  moment  of  zero. 

The  width  is  a fui^ction  only  of  sample  thickness  Jind  the 
characteristic  lenf:th.  Kooy  <ujd  Enz  developed  the  theory  re- 
latin{^  charac toristie  len^^tli  to  zero  field  stripewidth. 

Experimentally,  the  domain  period,  D,  at  zero  field 
can  be  measured  with  much  greater  accuracy  thai^  can  an  in- 
dividual domain  diameter  because*  1)  the  stripe  period  is 
greater  than  bubble  diameter  by  at  least  a factor  of  2,  and 
2)  effects  of  finite  coercivity  are  more  readily  minimized 
in  the  stripe  pattern  than  for  bubbles  because  there  is  no 
fear  of  collapsing  bubbles  by  applying  a pre-conditioning 
magnetic  field.  Shaw,  et  , recommended  the  stripe  domain 
measurement  as  the  most  convenient  and  accurate  method  for 
the  determination  of  L (Ref  20*65). 

Magnetization  and  Magnetic  Fields 

A common  method  of  measuring  the  magnetization  of  a 
thin  optically  tr;u*sparent  bubble  domain  samples  is  to  use 
magneto-optical  methods.  Either  the  theory  of  Thiele  or 
that  of  Kooy  jmd  Enz  may  be  used.  The  theory  of  Thiele 
yields  a>*  equation  for  the  equilibrium  condition  of  bubble 
domains  (Kef  20*70).  Once  L,  H,  juid  bubble  diameter  are 
known,  the  value  of  htiMg  for  high  anisotropic  films  ca*-*  be 
determined  from  graphs  of  the  stability  fxinctions  plotted  by 
Thiele  (Ref  2*44  ruid  Ref  22*347-395).  Shaw,  ot  ^.  , quote 
±3  percent  accuracy  for  this  method,  ev^;tl  tliough  charac ter- 
I istic  lojigth  caji  **ot  be  determined  more  precisely  than  ±7 

j 


I 


AFIT/Gh'/ElC/77-27 


i 

i 
1 

percent,  bocauuo  of  the  nature  of  the  equation  (Hef  20j71).  j 

Another  conunon  method  is  based  on  the  bubble  collapse  fieldj 

relating  it  to  the  zero  field  domain  period.  Shaw,  et  al . , ] 

I 

j 

quote  ±7  percent  measurement  error  for  by  this  tech- 

nique (Ref  20i71) . 

Bobeck  has  stated  that  the  magnetization  of  a film 
must  be  known  to  ±1  percent.  He  states  that  even  with  this  I 

accuracy  the  acceptable  operating  bias  range  (the  raiige  of 
external  field  for  which  bubbles  are  stable)  is  reduced  15 
percent  (Ref  4i251).  This  means  also  that  other  techniques 
used  to  measure  4nKo  not  based  on  bubble  diiuneter,  must  also 

o 

have  an  accuracy  of  at  least  ±1  percent  if  they  are  to  be  of 
practical  value. 

Three  methods  are  available  for  the  measurement  of 
4-fTMs  based  on  stripewidth.  All  use  the  Kooy  and  Enz  model 
which  yields  a formula  relating  period,  magnetization,  and 
quality  factor  to  applied  field  (Ref  15«21).  The  first  of 
these  methods  is  based  on  the  Aill  hysteresis  curve  (^'/Ks 
versus  H) . Shaw,  et  nl . , estimate  that  relative  measure- 
ments of  4nMj,  can  bo  made  within  ±3  percent  from  sample  to 
sample  of  the  s.ime  composition  using  this  technique  (Ref  20: 

77).  The  second  technique  involves  low  frequency  suscepti- 
bility measurements  developed  by  Maartense  ;md  Searle  of  the 
University  of  Manitoba,  Canada.  They  do  not  calculate  an 

expected  accuracy  but  present  results  within  ±1  percent  i 

agreement  with  nuuiufaclurers'  data  (Ref  16:6).  The  third 
technique  uses  the  spatially  filt('red  second  order  dif- 


AKlT/GEA'l-y77-27 


} 


fractod  beam  related  to  M/Mj,  = 0.5*  Thin  technique  uses  the 
Kooy  and  Ens  equation  with  arr.uments  of  quality  factor  and 
reduced  domain  period.  The  period  is  reduced  because  the 
external  field  is  no  longer  sero.  Henry  quotes  an  accuracy 
of  better  than  5 percent  in  this  determination  of 
(Kef  13«  1^>29) . 

Optical  Properties  of  Thin  MafSietic  Films 


HA 

E 

^ X 

1 

1 

I 

1' 

] 

1 

H 

Fieure  2.  Edge  View  of  Garnet  Film  Without  Substrate  (From 
Ref  8:5^2) . 

Haskal  (Ref  8)  determined  that  a magnetic  film  caii  be 
represented  as  a binary  magnetic  diffraction  grating  as  in 
Figure  2.  If  a linearly  y~polarized  electromagnetic  wave  is 
incident  on  the  film,  it  will  be  rotated  by  the  Faraday 
effect  (Ref  8t5^2).  From  consideration  of  the  transmission 
functions  .'ind  attenuation  cotistant  Haskal  arrives  at  a 
Fourier  expruision  for  the  transmitted  wave,  giving 

-aH/2  2d+  -D  A 1 nnd^.  2nnx 

Tx(x)  = e sin(FH)[ + - E - sin cos 1 

D tr  n 1)  D (3) 
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Ty(x)c  cos  (F?{) 


Where  Tx  and  Ty  are  transmission  functions  of  the  polarized 
wave  and  x is  the  absorption  constant. 

A garnet  bubble  film  that  has  been  magnetized  to  satu- 
ration by  a normal  field  (HA)  arid  returned  to  zero  (HA=0)  is 
a phase  grating  with  the  orientation  of  domains  randomly 
placed  in  the  x-y  plane  (Ref  11:1).  By  appropriately 
placing  a polarizer  and  analyzer,  or  by  using  a polarized 
laser  and  analyzer,  the  y-polarized  wave  that  is  transmitted 
through  the  film  can  be  eliminated,  leaving  only  the  x dif- 
fraction orders.  For  these  x-polarized  waves,  all  diffrac- 
tion orders  exist  and  are  given  by  Equation  (3)«  The  in- 
tensities of  these  orders  are  given  by  Henry  (Ref  7:1)  as 
2d+-D  -aH 

Ixo  = lo  ( ) e sin  ^(FH)  (5) 

D 


8 -aH  Trd^. 

Ixi  = lo  — e sin®(FH)  sin°( ) 


2 -aH  2-rTd+ 

Ixa  = lo  — e sin^(FH)  sin^( ) 


whore  a is  the  absorption  constant  and  F is  the  Faraday  ro- 
tation in  degrees  per  cm. 

It  can  be  seen  from  the  above  equations  that  when  d»- 
is  equal  to  d-,  which  is  the  case  when  the  applied  external 
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field  is  zero,  then  Ixl  is  the  only  diffraction  order  of  the 
first  three  which  is  present.  When  d±  is  equal  to  d-  the 
stripewidth  is  labeled  W.  If  the  orders  cheater  thtin  two 
arc  removed  by  annular  pass  ring  spatial  filtering  and  one 
measurers  the  diffraction  angle  then 

2 W sin  0 = X (8) 

where  X is  the  wave  length  of  the  light  used  to  illuminate 
the  sample.  From  Equation  (8)  comes  the  fundamental  meas- 
urement of  W for  the  zero  field  stripewidth.  It  can  also  be 
seen  in  Equations  (5)*  (6),  and  (7)  that  this  second  order 
is  a maximum  for  d+  equal  to  D/4.  This  second  order  maximum 
is  related  to  the  1/2  magnetization  point  (M/Mg  =0.5)  by 
the  theory  of  Kooy  and  Enz. 

Since  the  actual  domains  exist  in  a serpentine  array 
one  can  see  thei'c  is  nothing  special  about  the  x-y  orienta- 
tion of  the  impinging  beam.  In  fact  the  diffraction  pattern 
is  circular  when  viewed  in  a plane  normal  to  the  incident 
beam  due  to  the  random  orientation  of  small  portions  of  the 
diffraction  grating. 

The  technique  of  spatial  filtering  characterization  is 
based  upon  tlie  regularity  of  stripe  domains.  Some  irregu- 
larity in  the  widths  of  stripe  domainf!  is  present  in  films 
with  magnetic  and  physical  defects.  Coercivity,  wlilch  af- 
fects the  domain  wall  movement,  also  may  ch.uige  the  stripe- 
width  after  a matpiotic  disturbance.  However,  it  was  as- 
sumed for  this  study  that  stripoN.'idths  covered  by  the  laser 
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beam  should  avoraf^e  out  any  irrocularitico.  From  photo- 
graphs taken  of  domains  by  polorization  microscopy  in  the 
Electronics  Research  Branch,  Air  Force  Avionics  Laboratory, 
Wright-Patterson  Air  Force  Base,  Ohio  (AFAL/DHR),  a maximum 
of  ten  stripewidths  could  be  used  to  determine  W.  For  a 
nominal  4 urn  stripewidth  illuminated  by  a 1 mm  diameter  beam 
there-  are  125  periods.  It  was  assumed  that  this  ten-fold 
increase  in  the  number  of  periods  measured  by  diffraction 
analysis  should  compensate  for  the  effects  of  local  differ- 
ences in  coercivity  and  for  magnetic  and  physical  defects. 

Laser  beam  heating  of  thp  sample  was  not  considered  a 
factor  in  this  study.  Askkin  and  Dziedzie  have  stated  that 
they  could  move  bubbles  with  10  mw  of  power  focused  to  5 urn 
di£imeter  beam  (Ref  1:336).  This  yields  am  average  power  of 
5 X 10^  watts/cm^.  The  1 mm  beam  diameter  of  a 15  mw  laser 
yields  an  average  power  of  2 watts/cra^.  Thus  it  was  assumed 
that  no  heating  effects  from  the  illuminating  laser  would  be 
encountered.  / 

The  Kooy  and  Enz  Model  of  Magnetic  Bubble  Domains 

The  Kooy  amd  Enz  model  of  domain  theory  was  used  ex- 
tensively in  this  study.  The  equations  of  this  theory  re- 
late stripewidth  to  characteristic  length,  and  applied  mag- 
netic field  to  magnetization.  The  equations  include  the  ef- 
fects of  finite  anisotropy  and  have  been  used  by  other  re- 
searchers, notably  Shaw,  £t  a^. , in  their  recommended  meth- 
ods for  characterization  (Ref  21:2346-2349). 

The  pertinent  results  of  the  Kooy  and  Enz  theory  are 
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given  in  two  equation:}  which  have  been  inanipulatod  here  to 
make  them  more  u:}eful  for  this  study  (Hof 


L u oo  1 nn  M 

- E — sin®  ( — (1+  — ))[!-( l-»-2iTna)  exp  (-2Tina)1  (9) 

H n-=l  n*  2 Mq 


HA  2Vu  ~ 1 M 

= 1+  E — sin  nTr(lH — )[i-oxp( -2nna)  | (10) 

^tnivig  (1+Vi^)  n=l  n^ 


where 

HVu 

D 


(11) 


1 

U = 1+  - (12) 

Q 


2 ku  Hk 
.4TrIVl„^  4ttMo 

o o 


(13) 


M d+  -d- 

Mg  D 


(1^) 


These  equations  are  used  to  find  the  fundiimontal  mate- 
rial parameters  L and  It  can  be  seen  fi'om  Equation  (9) 

that  if  D,  H,  and  Q are  known,  L can  be  calculated.  The 
optical  thickness  H is  measured  vising  spectrophotometry  and 
W is  measured  using  the  first  order  difiraction  ang.le,  as  in 
Equation  (0).  In  r.oro  applied  field  M/f’^s  la  equal  to  0, 


17 


AFIT/GIi/lii‘;/77-27 


because  d+  is  equal  to  d-  in  Equation  (14).  The  quality 
factor,  Q,  for  devices  is  usually  between  1 to  5 (Ecf  12j 
1528)  and  represents  the  ratio  of  the  .'inisotropy  field  to 
the  magnetisation  (Ref  3:^7)-  The  quality  factor  is  diffi- 
cult to  determine  and  requires  a separate  measurement  of  ei- 
ther the  anisotropy  constant,  Ku,  or  the  anisotropy  field. 
The  anistropy  field  is  that  field  required  to  bring  the  mag- 
netization vector  in-plcine.  The  normal  industry  practice 
when  using  the  theory  of  Thiele  or  Kooy  and  Enz  is  to  ini- 
tially treat  Q as  infinite,  compute  L based  on  infinite  Q, 
then  measure  the  anisotropy  fi^eld,  or  anisotropy  constant, 
and  compute  Q (Ref  27). 

The  magnetization  is  found  from  the  Equation  (10) 
using  the  same  arguments  as  (9),  except  that  W/Ms 
M/Mg  = 0.5.  This  condition  represents  d+  =(3/4)D  which  is 
also  the  maximum  for  the  second  order  diffraction  .'\ngle  in 
Equation  (?)•  The  zero  field  period  is  not  a constant  but 
changes  under. the  influence  of  an  applied  field  (Ref  3»25). 
The  quality  factor  is  treated  as  infinite  in  Equation  (10), 
as  it  is  in  Equation  (9),  for  practical  measurements. 

Procedure  For  Finding  W and 


The  parameters  chosen  for  study  in  this  work  were  W 
and  ^itMq  since  they  incorporated  the  calculation  of  charac- 
teristic length  from  W and  the  calcvilation  of  from  ap- 

plied field.  Thickness  values  used  v;cre  detoi'iiiined  by  the 
manufacture!'  since  a thickness  measurinn;  facility  was  not 
available.  Thickness  is  usually  measured  using  a spectro- 
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photometer.  The  exact  procedure  used  by  the  manufacturer 
and  the  accuracy  of  the  manufacturers'  results  are  unknown. 

The  zero  field  strlpewidth  was  calculated  from  Equa- 
tion (8)  after  the  first  order  diffraction  angle  was  meas- 
ured. The  spatial  filter  was  used  to  ensure  only  the  first 
order  was  selected,  as  in  Figure  3.  The  zero-field  stripe- 
width  was  used  to  compute  D/H  (D  3 2 W). 

With  D/H  known  Equation  (9)  was  solved  for  L/H. 
Equation  (9)  was  computer  programmed  and  a table  of  values 
constructed.  The  computer  program,  along  with  samples  from 
the  table  is  presented  in  Appendix  B.  It  should  be  noted 
that  finite  Q values  of  1,  3.  5i  and  1000  are  presented  in 
this  Appendix.  A quality  factor  of  1000  was  chosen  as  a 
high  Q condition.  The  values  of  Appendix  B for  high  Q 
agree  with  those  of  Shaw,  ^ , (Ref  21i23^6).  The  proc- 

ess of  determining  L/H  then  became  a table  look-up  procedure 
Because  L/H  is  a material  constant  and  D changes  with  the 
applied  field.  Equation  (9)  can  be  solved  for  a new  D/H  at 
M/^g  = 0.5*  This  was  done  by  the  same  program  as  for  L/H  at 
M/lKg  » 0.  A sample  of  this  table  is  also  presented  in 
Appendix  B. 

With  a new  period  known  for  M/tflg  =0.5  Equation  (8) 
was  solved  for  a new  spatial  filter-bubble  film  distance  Dpp 

D . i 

Dpp  = r (( — )■  -1)  (15) 

2X 

where  r is  the  mean  radius  of  the  spatiad  filter  and  X is 
the  laser  wavelength.  Equation  (I5)  is  just  the  trigonom- 
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^1 


I etric  reduction  of  the  diffraction  ancle  6 with  n = 2.  The 

I distance  Dpj.'  is  the  distance  at  which  the  spatial  filter  was 

I placed  to  observe  the  second  order  maximum. 

Equation  (10)  was  also  procrammed  and  a table  of  val- 
I ues  computed.  Appendix  C lists  the  program  and  a sample 

I • from  the  table.  The  argument  of  Equation  (10)  was  D/H  at 

i M/Ms  “ obtained  from  Equation  (9)*  With  the  spatial  fil- 

f ter  at  the  new  Dpp  the  applied  field  was  swept  until  the 

photodetector  registered  a maximum  and  the  value  of  HA 

i was  measured.  With  HA  known  the  value  of  ^rrMg  was  computed. 

! 

The  Effect  of  the  Quality  Factor  on  the  Measurement  of  L 
j,  and 

One  of  the  objectives  of  this  study  was  to  determine 
I the  effect  of  quality  factor  on  the  measurement  of  L and 

< for  1 to  3 um  films.  Quality  factor  was  studied  be- 

cause if  static  characterization  is  to  be  useful  in  predic- 

I 

I ting  device  performajicc  the  possible  uncertainty  in  L and 

« 

4nMg  must  be  known.  If  a high  Q is  assumed  when  in  fact  a 
more  modest  value  of  Q is  present  (3<Q<5)»  "the  effect  on  L 
! and  ^nMg  should  be  known.  Shaw,  £t  al. , have  extensively 

studied  this  problem,  (Ref  ZliZJkS,  23^^9  and  Ref  20x62,77) 
and  concluded  that  for  a D/H  of  4.0  the  effect  on  L/H  is  4 
ij  percent  as  Q varies  from  2 to  infinity  (Ref  20:62).  It  was 

decided  to  confirm  this  work  of  Shaw  smd  investigate  specif- 
ically the  effect  of  finite  Q for  L/H  values  of  .02  to  .07 
which  arc  typical  values  for  films  with  a stripewidth  of  1 
to  2 um  and  a thickness  of  2.4  to  3*6  um  (Ref  14:22).  Al.so 
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invectigated  waa  the  effect  of  Q on  when  the  applied 
field  induced  a magnetization  of  M/M^  = 0.5.  Quality  fac- 
tor was  defined  earlier  in  this  thesis  as 


o 


following  Thiele’s  work  (Ref  22:3315).  From  a chart  pre- 
sented by  Chang,  the  range  of  quality  factor  for  Garnet 
films  is  approximately  2 to  10.  The  practical  range  pre- 
sented by  Chang  is  approximately  2 to  6 (Ref  7«171*  200). 

When  the  Kooy  and  Enz  equations  were  computer  program- 
med the  effect  of  finite  anisotropy  was  considered.  Finite 
Q values  of  1 , 5»  1000  were  chosen  as  representative  val- 

ues of  low,  medium  and  high  Q respectively.  These  values  of 
Q were  used  to  plot  L/H  vs  D/H  at  both  M/Mq  =0.0  and  M/Mg  = 
0.5. 

Table  I presents  the  calculated  percentage  change  in 
L/H  for  various  values  of  D/H  as  Q is  changed  from  some  low 
value  (Q  = 1,  3#  5)  to  an  effectively  infinite  value  (Q  = 
1000)  . This  table  shows  that  for  a typical  4 to  6 urn  film 
with  a D/H  of  2.0  and  a Q of  3 there  v/ill  be  a 1 percent  vm- 
certainty  in  the  measurement  of  L/H.  Figure  5 shows  this 
clearly  and  also  confirms  that  for  D/H  values  of  I.50  to 
2.50  and  for  Q>3  there  is  little  reason  to  use  the  Q correc- 
tion in  the  Kooy  and  Enz  equation,  unless  one  needs  an  accu- 
racy better  tlian  1 percent  in  the  calculation  of  L/lI.  This 
plot  also  confirms  that  the  industrial  practice  of  using 


22 


AFIT/uE/L:ii:/77-27 


a hich  Q value  is  a valid  assumption  for  these  values  of  U/H 
However,  Table  I shows  that  as  Q decreases  to  1 and  D/H  de- 
creases to  0.7  then  the  error  in  calculation  of  L/H  based 
on  the  assumption  of  infinite  Q,  increases  to  a value  of 
17  percent  for  actual  values  of  Q = 1 and  D/H  =0.7.  In 
present  1 to  3 um  films  a D/H  of  0.7  is  not  unrealistic,  al- 
though this  also  means  that  the  thickness  will  not  be  equal 
to  4L  (Ref  14:22).  Figure  4 shows  the  spread  in  L/H  values 
as  D/H  decreases  from  I.50  to  O.5O.  In  Figures  4 and  5 it 
should  be  noted  that  the  error  in  calculation,  i.e.,  the  dis 
crepancy  in  L/H  values  obtained,  is  largest  for  true  values 
of  Q ranging  from  1 to  3 and  drops  considerably  for  values 
greater  than  3*  Fortunately,  most  bubble  films  possess  Q's 
of  approximately  3- 

Figures  6 emd  7 show  results  similar  to  Figures  4 and 
5 for  D/H  values  of  O.50  to  2.50  at  M/Mg  =0.5.  It  can  be 
seen  that  the  uncertainty  of  L/H  is  approximately  the  same 
at  the  1/2  magnetization  point  as  at  zero  magnetization. 

This  means  that  if  the  Henry  procedure  is  to  be  used  to 
find  4iTMg  from  D/H  using  L/H  as  material  constant,  a maximum 
of  34  percent  uncertainty  could  be  induced.  For  example  if 
zero  field  D/H  is  0.7  and  Q = 3 then  the  uncertainty  in  L/H 
is  7 percent.  If  this  value  of  L/H  is  used  to  find  the  now 
D/H  at  1/2  magnetization,  another  7 percent  uncertainty  in 
L/H  is  added  for  a total  of  14  percent. 

Table  II  shows  that  if  D/H  is  0.9  at  1/2  magnetization 
land  Q = 3*  only  a 1.0  percent  difference  in  4iTMg  for  Q = 3 
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and  Q = 1000  will  be  observed.  A D/H  of  0.9  at  1/2  maf^neti- 
zation  corresponds  to  a hiph  Q film  with  a zero  field  D/H 
of  0.7.  Ficure  8 shows  the  total  uncertainty  in  l{A/^4-rrM2 
as  a function  of  L/H,  with  L/H  as  a material  constant.  This 
figure  shows  the  total  uncertainty  in  usin^^  the  industrial 
approach  to  find  using  the  high  Q assumption  when  in 

fact  more  likely  viilues  of  Q {3<Q<5)  are  present. 

The  conclusion  that  can  be  drawn  from  this  portion  of 
the  study  is  that  the  industrial  practice  of  assuming  high  Q 
and  using  this  to  eliminate  the  Q dependence  in  the  Kooy  Jind 
Enz  equations  will  lead  to  app^roximatcly  a 5 percent  uncer- 
tainty in  for  films  with  a zero  field  D/H  of  1.5  and 

Q = 3.  For  films  with  a zero  field  period  of  0.7  and  Q<3» 
corresponding  to  present  1 to  3 am  film,  aii  uncertainty  of 
approximately  I3  percent  will  be  incurred.  For  Q values 
less  thaji  3 'the  maximum  uncertainty  in  could  be  as  high 

as  3^^  percent  with  a zero  field  pex'iod/thickness  of  0.7  o^id 
Q = 1. 


AFIT/GE/EE/77-27 


1 

r 

t 

Table  I 


D/H 

Percent 

Q from  1 to 

Differences  for  L/H,  M/M^ 

1000  Q from  3 to  1000 

= 0.0 

Q from  5 to  1000 

.7 

^■17?^ 

+7f^ 

+4.5% 

1.5 

+12^;^ 

+2 

2.0 

+6?i 

+1^ 

0.5% 

i 

Table  II 

Percent  Differences  for  HA/4-nMc..  M/l-lg  = 0 . 5 


D/H 

(M/Mg  = 0.0) 

D/H 

(M/Mg  =0.5) 

Q from  1 
to  1000 

Q from  3 
to  1000 

Q from 
to  1000 

0.7 

.9 

-3% 

-1.0% 

-1  .O^J 

1.5 

1.9 

-7.5 

-3% 

-2% 

2.0 

L 

2.6 

-9/- 

-3% 

-2% 

II 

1^ 


Figure  4.  L/H  vcrnua  D/H  for  various  Q at  M/Ms  = 0.0, 
U/H  from  0.5  to  1.5 
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Sensitivity  of  L and  fHxMg  ^ Small  Uncertainty 
^ This  study  briefly  examined  the  question  of  how  sensi- 

tive the  Kooy  and  Enz  equations  (Equation  9 and  10)  are  to 
small  variations.  That  is,  what  is  the  change  in  L and  ^Mg 
for  a 1 percent  changes  in  thickness,  stripewidth,  thickness 
and  stripewidth  together,  and  applied  field.  The  computer 
program  used  was  developed  by  Dr.  M.  G.  Mier  of  AFAL,  for 
high  Q films. 

The  results  show  that  if  measured  stripewidth  is 
changed  by  -H  percent  then,  for  a 4 to  7 um  film,  L and 
4rTMg  will  change  by  approximately  ■♦>0.1  percent.  If  thickness 

j is  changed  by  -fl  percent  then  L and  4iTMg  change  by  ■♦•0.5  per- 

cent. If  stripewidth  and  thickness  together  change  by  -fl 
percent  then  L and  4iTMg  change  by  ■fO.^  percent.  Finally  if  ' 

i ' 

i HA  changes  by  *1  percent  L does  not  change  and  4iTMg  changes 

♦ 

by  ■►!  percent. 

These  small  changes  indicate  that  if  stripewidth, 
thickness  and  applied  field  could  be  measured  within  1 per- 

■ cent  it  can  reasonably  be  concluded  that  the  calculated  pa- 

rameters of  L and  ^rrMg  will  be  within  1 percent.  It  should 
be  noted  however  that  these  small  changes  are  for  4 to  7 um 
stripewidths  with  an  D/H  of  approximately  2.0.  For  1 to  3 
um  stripewidths  with  D/H  = 1 the  results  are  unknown. 
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III.  The  Experimental  Apparatus 


Introduction 

The  experimental  apparatus  was  set  up  in  four  differ- 
ent configurations.  The  first  configuration  used  a 1.8 
milliwatt  (mw)  HeNe  laser  and  camera  arranged  as  in  Figure 
11  (the  laser  is  not  shown  but  is  to  the  right  in  the  pho- 
tograph) to  take  Polaroid  photographs  of  the  diffraction 
phenomenon  at  zero  applied  field.  The  second  setup  used 
the  same  1.8  mw  laser  and  a spatial  filter  obtained  from  a 
phase  contrast  microscope  in  an  attempt  to  measure  ^Mg,  It 
was  found  that  this  filter  had  a wide  pass  ring  and  required 
a large  modulation  field  in  the  coils.  The  modulation  field 
for  this  second  setup  was  approximately  25  oerstads  (Oe)  and 
was  obtained  by  the  use  of  a Kepco  Bipolar  Op-Amp  power 
supply  that  could  also  be  DC  biased  to  provide  a constant  DC 
field,  HA.  It  was  found  that  the  1.8  mw  laser  did  not  pro- 
vide enough  diffracted  light  to  be  detected  by  any  means  a- 
vailable  when  1 to  3 urn  stripewidth  films  were  tried,  so  a 
15  mw,  HeNe  laser  was  substituted  and  used  for  adl  subse- 
quent testing.  The  third  arrangement  used  the  I5  mw  laser 
and  coil  structure  shown  in  Figure  12.  It  became  apparent 
that  the  Kepco  power  supply  could  not  provide  enough  DC  bias 
to  saturate  the  samples  for  repeatability  studies  and 
"tickler"  coils  were  mounted  inside  the  large  coils  (see 
Figure  10)  to  provide  the  modulation  field  while  the  5 in 
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colls  were  powered  by  a 60  volt,  9 amp  DC  power  supply.  The 
5 in  colls  were  then  used  only  for  HA.  The  fourth  setup 
used  the  coil  structure,  15  mw  laser  and  camera  for  more 
diffraction  studies  in  an  attempt  to  discover  the  cause  of 
the  difference  between  published  and  experimental  values  in 
W and  4TTMg.  All  equipment  was  mounted  on  a Gaertner  optical 
bench  with  Gaertner  nodal  mounts.  A lens  was  used  to  focus 
the  spatially-filtered  diffracted  signal  onto  the  surface  of 
a photodetector.  The  output  of  the  photodetector  was  ampli- 
fied and  fed  either  to  a DC  microvoltraeter  or,  if  AC  modu- 
lation of  the  "tickler"  coils  was  used,  to  a derivative  de- 
tection system  employing  a Lock-In  amplifier.  The  position 
of  the  filter  could  be  more  accurately  determined  using  der- 
ivative detection.  Derivative  detection  was  also  employed 
in  the  measurement  of  ^TfMg. 


J 


Light  Source 

The  initial  light  source  was  a 1.8  mw  Spectra  physics 
model  133  HeNe  laser  operating  at  0.6328  um.  This  laser  was 
used  for  initial,  diffraction  studies  and  for  initial  at- 
tempts to  obtain  W and  ^rrMg,  however,  when  1 to  3 um  mate- 
rial was  tried  it  was  found  that  there  was  not  enough  dif- 
fracted light  in  the  first  order  for  zero  field  calculation 
of  W.  A Spectra  Physics,  Model  124-B,  15  mw  HeNe  laser  op- 
erating at  0.6328  um  was  substituted.  The  I5  mw  laser  pro- 
vided enough  first  order  diffracted  light  for  al.1  samples 
and  improved  the  signal-to-noise  ratio  in  4 to  7 um  material 
by  a factor  of  10.  This  laser  was  used  for  all  subsequent 
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work. 

^ The  1.8  mw  laser  was  spaced  approximately  10  cm  from 

the  bubble  film  and  no  plasma  tube  light  was  observed.  The 
15  mw  laser  was  found  to  emit  a blue  plasma  tube  light  that 
was  effectively  polarized  and  would  thus  diffract,  giving 
false  readings.  Two  peaks  were  found  of  almost  equal  inten- 
sity for  first  order  diffraction,  separated  by  approximately 
/f  cm  for  nominal  4 urn  film  (Sample  3-18-16).  This  problem 
was  solved  by  the  addition  of  an  Oriel  Co.  O.6328  urn  filter 
with  75  percent  transmission  effectiveness.  Additionally, 
the  laser  was  moved  to  approximately  60  cm  from  the  bubble 
film  to  reduce  intensity  variations.  The  intensity  varia- 
tions from  the  laser,  when  the  laser  was  at  10  cm,  were  suf- 
ficient to  cause  scattered  reflections  and  reduce  the  dif- 

( 

fracted  signal  intensity.  The  15  mw  laser  instruction  manual 
shows  that  at  60  cm  from  the  exit  pupil  moat  of  the  inten- 
sity variations  have  attenuated  or  dispersed  sufficiently 
for  the  beam  power  versus  area  curve  to  follow  a smooth  dis- 
tribution (Ref  18j7).  By  moving  the  laser  to  a point  60  cm 
away  and  installing  the  0.6328  urn  filter  between  the  output 
pupil  and  the  bubble  film,  the  signal- to-noise  ratio  was  im- 
proved and  the  width  of  the  diffracted  ring  reduced  from  ap- 
proximately 3 cm  to  2 cm  for  a nominal  5 urn  stripewidth 
sample  (TI  5696). 

The  final  form  of  the  measurement  used  to  characterize 
the  selected  films  consisted,  then,  of  a 15  mw  HeNe  laser 

^ operating  at  0.6328  urn  located  approximately  60  cm  from  the 
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bubble  film.  The  exact  distance  was  not  critical  and  de- 
pended on  the  variable  location  of  the  bubble  film.  A 
0.6328  um  transmission  filter  was  placed  30  cm  from  the  laser 
exit  pupil  and  optically  aligned  by  micrometer  screw  adjust- 
ments located  on  the  filter  mount.  This  arrangement  was 
used  in  the  W and  4rrMg  studies  of  4 to  6 um  and  1 to  3 um 
films,  and  is  shown  schematically  in  Figure  10. 

Photographing  Diffraction  Patterns 

Diffraction  pattern  polaroid  photographs  were  made  in 
the  initial  setup  of  the  study  and  near  the  end  of  the  study 
(Figure  11).  The  photographs  are  all  similar  to  Figure  I9 
and  were  made  by  placing  a Graf lex  camera  on  a laboratory 
jack  and  mounting  the  lab- jack  on  the  opticad  bench.  The 
diffraction  pattern  was  focused  on  a ground  glass  screen  and 
aligned  with  the  earners  back;  then  a polaroid  picture  back 
was  mounted  and  the  film  exposed. 

Measurements  of  diffraction  angle  were  attempted  by 
measuring  the  magnetic  film  to  photographic  film  distance 
and  the  mean  yatrem  radius.  The  mean  radius  was  calculated 
by  dividing  the  pattern  into  segments,  measuring  an  inner 
diameter  and  outer  diameter  for  each,  and  then  finding  the 
mean  radius. 

Statistical  calculation  of  the  standard  deviation  for 
these  eight  measurements  show  that  no  more  than  three  fig- 
ure precision  can  be  obtained  for  the  mean  radius,  limiting 
the  resultant  stripewidth  value  to  three  significant  figures. 
For  example,  the  data  in  Table  III  vere  obtained  from  sample 
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3-18-16  on  20  June  1977- 

Table  III 

Measurements  of  Diffraction  Pattern  Diameters 


Sample  3-18-16 

Date  20  June  77 

Inside  Diameter 

Outside  Diameter 

1.852 

2.268 

1.813 

2.236 

1.835 

2.306 

1.830 

2. 318 

1.841 

2.317 

1.848 

f 2.3^4 

1.880 

2.332 

1.828 

2.326 

The  average  inside  diameter  is  1.84  in  with  a standard 
deviation  (sd)  of  0.02.  The  average  outside  diameter  is 
2.32  in  with  a;  sd  of  0.03* 

The  formula  (Ref  6j43) 

sd 

r = f ± (16) 

(n-l)i 

where  n is  the  number  of  trials  yields  an  average  radius  of 

r =•  1.04  ± .05  in  (17) 

The  distance  from  the  bubble  film  to  the  polaroid  plate  was 
measured  at  13.564  in  with  a sd  of  .003  in.  This  value  is 
much  more  accurate  than  the  radius  measurement,  and  there- 


40 


u 


APIT/G E/EE/77 -27 


f 


fore  the  sd  was  neglected.  When  the  radius  measurement  and 
film-polaroid  film  distance  are  converted  to  a diffraction 
angle,  and  this  diffraction  angle  used  to  calculate  zero 
field  stripewidth,  a value  of  4.14  (1±  .08)  urn  is  obtained. 
This  compares  to  within  1 percent  of  the  value  obtained  by 
other  methods. 

This  type  calculation  was  made  at  the  stairt  of  the 
study  and  sample  calculations  such  as  the  one  above  showed 
that  information  regarding  the  stripewidth  was  available  in 
the  diffraction  pattern.  Problems  with  repeatability  and 
differences  between  published  auid  experimental  vaLlues  did  not 
appear  until  later  in  the  experiment. 

Signal  Detection 

The  signal  detection  scheme,  arrived  at  experimentadly , 
consisted  of  a 10  cm  focal  length  lens  (Lens  A,  Figure  10) 
co-mounted  with  the  spatial  filter.  This  lens  focused  the 
spatially-filtered,  diffracted  beam  onto  the  surface  of  the 
photodiode  detector.  Another  lens  (Lens  B,  Figure  10)  with 
a 5 cm  focal  length  was  used  with  1 to  3 urn  stripewidth  ma- 
terial to  shorten  the  focal  distance  required  by  the  larger 
diffraction  angle. 

Initially  a RCA  1P28  phototube  with  a S-5  spectral  re- 
sponse was  used  in  conjunction  with  a 500-1000  volt  variable 
voltage  DC  power  supply.  The  photo  tube  that  Henry  used, 
with  a S-4  response  was  unavailable  (Ref  10:1289).  The  S-5 
tube  response  has  a peak  wave  length  of  3400  ± 500  Angstroms 
and  was  found  to  be  totally  unsuitable  for  two  reasons. 
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First,  the  response  at  0.6328  u is  less  than  10  percent  of 
that  at  the  peaik  wave  length  (RCA  tube  mainual)  and  second, 
the  elimination  of  ground  loops  to  the  Lock-In  amplifier 
proved  impossible.  Sufficient  60  cycle  AC  noise  was  present 
in  a path  from  the  phototube  to  the  power  supply  and  from 
the  phototube  to  the  phase  lock  amplifier  to  obscure  the  sig- 

•f 

nal  below  a modulation  field  of  25  Oe. 

A United  Detector  Technology,  Model  UT505,  PIN  sili- 
con photodiode  and  low  noi^e  transresistance  op-amp  mounted 
together  in  a single  package  was  substituted.  The  UT505  op- 
erates on  internal  Mercury  cells  thus  eliminating  the  ground 
loop  problem  of  the  phototube.  The  UT505  has  two  levels  of 
internal  amplification  and  the  "High”  level  proved  to  be  the 
most  satisfactory.  The  exact  amplification  of  the  "High" 
level  is  unknown  because  the  value  of  the  feedback  resist- 
ance in  the  FET  op-amp  is  not  known,  however,  the  "High" 
sensitivity  level  is  used,  according  to  the  manufacturer's 
data,  for  light  levels  from  10“^2  watts/cm^  to  lO""^  watts/cm^. 
The  UT505  has  an  essentially  flat  response  from  0.6  urn  to 
0.9  urn  wave  length  and  provided  a typical  signaLL  level  of 
1.5  uv  DC  for  a nominal  5 urn  film  (TI  5696). 

After  the  polarized  laser  beam  passes  through  the  sam- 
ple and  is  diffracted  aG.1  the  Ix  orders  reach  the  spatial 
filter.  The  y-orders  are  removed  by  the  polarizer,  PI,  in 
Figure  10.  The  calculation  of  W the  first  order  beam,  Ixl, 
is  selected  by  the  spatial  filter  pass-ring.  Lens  A,  co- 
mounted with  the  spatiail  filter  is  used  to  focus  the  beam 


onto  the  photodetector  surface.  Lens  A Figure  10,  is  a 
63  nun,  10  cm  focal  length  double  convex  lens,  co-mounted 
with  the  spatial  filter.  Lens  B,  Figure  10,  is  a 5 cm  focal 
length,  double  convex  lens  used  to  shorten  the  focus  dis- 
tance when  1 to  3 um  films  are  tested,  because  the  approx- 
imately 10°  diffraction  angle  of  1 to  3 um  stripewidth  films 
causes  the  focal  distance  to  be  longer  than  the  available 
length  of  the  optical  bench. 

The  first  order  diffracted  light  collected  by  the  lens 
and  focused  on  the  photodiode  is  a maximum  when  the  spatial 
filter  is  positioned  so  the  diffracted  ring  is  centered  on 
the  pass-ring  of  the  spatial  filter.  The  spatial  filter  was 
then  positioned  to  maximize  the  voltage  output  of  the  photo- 
diode, and  finally  the  photodiode  was  moved  along  the  opti- 
cal bench  again  to  maximize  the  output  volteige. 

The  zero  DC  field  stripewidth  measurements  used  two 
schemes  to  measure  the  maximum  voltage  of  the  photodiode. 

The  first  used  a Hewlett-Packard  DC  microvoltmeter  which 
simply  measured  the  DC  voltage  response  to  the  collected 
light  of  the  photodiode.  The  second  technique  employed  a 
Princeton-Applied  Research  Lock-In  Amplifier  and  a small  sin- 
usoidally modulated  AC  field. 

In  initial  studies  the  AC  field  was  applied  by  a mod- 
ulating voltage  applied  to  the  5 in  coils.  Cl,  in  Figure  10. 
The  modulating  voltage  was  supplied  by  a Hewlett-Packard 
oscillator  and  fed  to  a Kepco,  Bipolar,  Op-Amp  power  supply. 
The  Kepco  power  supply  had  a DC  voltage  offset  capability 
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used  ^ NaluiMU'  Die  domain;;  bolv.'ooii  loal;;  lor  ropoat;d)il ity 
atudio:;.  It  war.  found  that  the  DC  ot'f.'iot  caj'ability  war  not 
r.ufriciont  to  :'.aluralo  tho  do::vvin:;,  bocau:;e  toi-  a nominal  ‘j 
urn  .'5tri[tov.'iii  th  maloi'ial  a D»’  appliod  field,  llA  of  at  leant 
SO  Oo  in  l•e.luired.  Tho  SC'  C'o  fip.uro  I'or  natuj’ation  wan  ob- 
tairu'd  1 »’om  fiobook,  wlu'  ::hv>wn  ma{’,no I i nation  curvon  for  var- 
ioun  value;;  of  i'ry;;tal  I hi  trlcnonn.  Saturation  in  defined  an 
M/M..  l.O,  and  for  a typical  11  = 41.,  HA/K..  0.2$  (Hof  '3i 
2b).  Tl'.e;»  for  an  t'.,^  of  200  C (typical  valvio  for  nominal  5 
urn  film;;)  liA  mu.nt  Iw'  $0  Oe.  Tho  Kepco  Op-Amp  with  an  AC 
field  of  lenn  than  t(l  Oo  would  only  supply  a DC  field  of 
40  Oe.  Separati*  modulation  coils  were  then  in::talled,  C2, 
in  Picure  10,  and  the  AC  field  was  nup]ilied  by  the  Kepco 
power  supply.  The  Kepco  power  nupjdy  was  sinu;;oid;\l  ly  mod- 
ulated by  a Hewlett-Ihxckard  oscillator. 

Tho  b;isie  asjujmption  in  applying,  the  iixodul ation  field 
was  that  the  AC  field  would  move  tlie  domain  w;xllr.  slipdxtly 
thus  varying,  the  diffraction  cuxsl>-'  as  the  ntripewidth  v;iried, 
without  chan, "in, ",  the  avcra,';e  W.  Tliin  varying  diffractioix 
angle  would  cause  a .sinusoidal  sign:il  to  be  detected  by  the 
photodotcctor  at  twice  the  frequency  of  the  modulated  field 
when  tho  filter  was  at  location  h in  l'ip;ure  Id. 

It  can  be  seen  from  Figure  Id  that  when  the  spatial 
filter  was  at  position  A or  C the  frequency  of  the  detected 
signal  was  the  name  as  the  modulated  nip.tuil . As  the  filter 
approached  position  B the  double  modul;xtiui\  eominxnent  in- 
creased until  tlie  mo;ui  beam  position  was  ex.aetly  eontot'od  in 
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the  pass-ring  of  the  spatial  filter. 

A reference  signal  was  obtained  from  the  oscillator 
driving  the  Kepco  power  supply.  The  reference  signal  was 
fed  to  a full-wave  bridge  rectifier  used  as  a frequency  dou- 
bler. A 12V  filament  transformer  was  used  as  isolation  be- 
tween the  oscillator  and  the  bridge  rectifier  to  prevent 
loading  of  the  power  supply  by  the  bridge.  A 100  K-ohm  re- 
sistor was  found  to  be  needed  to  match  the  input  impedance 
of  the  Lock-In  amplifier. 

The  doubled  rectified  reference  frequency  was  fed  to  a 
Princeton-Applied  Research  Lock-In  amplifier,  Model  HR-8, 
with  a Type  C preamplifier.  The  Lock-In  amplifier  is  es- 
sentially a detection  system  with  an  extremely  narrow  equiv- 
alent noise  bandwidth.  The  basic  element  is  a phase- 
sensitive  detector  in  which  the  signal  voltage  is  mixed  with 
a reference  voltage,  producing  sum  and  difference  frequen- 
cies. A low-pass  filter  at  the  output  of  the  mixer  rejects 
the  high  frequency  components  that  constitute  sum  frequen- 
cies and  passes  the  difference  frequencies  that  lie  within 
the  low-pass  filter  passband.  The  difference  frequency  when 
the  signal  frequency  is  exactly  the  same  as  the  reference 
signal  is  zero.  The  phase  difference  between  the  signal  and 
reference  is  adjustable  on  the  Lock-In  amplifier  and  was  mon- 
itored by  the  oscilloscope  indicated  in  Figure  10.  The  out- 
put of  the  low-pass  filter  was  due  to  the  portion  of  the 
signal  spectrum  lying  about  the  reference  frequency  within 
the  pass  band  of  the  low-pass  filter  (Ref  13«l/l).  As  the 
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doubled  modulation  component  of  the  sicnal  increased  the 
output  of  tlic  mixer  decreased  until  point  U,  Fifjiiure  13.  was 
found.  Point  B,  Pi,  -'O  13.  constituted  a null  in  t)ie  Lock- 
In  cunplifier  and  was  indicated  as  a null  on  the  voltmeter 
output  of  the  Lock-In  amplifier.  This  null  detection  sys- 
tem constituted  derivative  detection  of  the  doubled  mod- 
ulation frequency  using  tlie  output  of  the  low-pass  filter/ 
mixer  stage  of  a Lock-In  fuiiplifier  as  a null  detector.  7'hi 
enabled  the  me:m  diffraction  angle  to  be  obtained  much  more 
precisely  than  with  the  microvoltmeter. 

It  was  found  experimentally  that  tJie  lowest  value  of 
AC  field  that  could  be  detected  by  derivative  detection  dur 
ing  stripewidth  studies  was  8 Oc  KMS  and  during  nieas- 

urements,  3 Oe  RMS.  The  lowest  usable  scale  on  the  Lock-In 
amplifier  was  tl\e  5 uv  scale;  below  that  rceige  electrical 
noise,  of  undetermined  origin,  obscured  the  signal  and  the 
amplifier  could  not  lock  onto  tlic  signal. 

A fundamental  coil  modulation  frequency  of  100  lIs  was 
selected  experimentally  as  tlie  best  frequency  for  testing. 
This  range  allowed  a circuit  Q of  approximately  15  with  a 
rise  time  of  300  msec  to  be  selected  on  the  Lock-In  ampli- 
fier. Higher  frequencies  were  tried  but  the  AC  field  was 
limited  to  400  Hz  by  the  capabilities  of  the  Bell,  Model 
615,  Gaussmetor  used  to  measure  the  field.  Higher  frequen- 
cies, up  to  1.0  KHz,  increased  t}\e  noise  level  of  Lock-In 
amplifier  and  thvis  required  a larger  AC  field  to  mod\ilato 
the  stripewidthc.  The  noise  lovc'l  increased  because  of  the 
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finite  rise  time  of  the  UT  505  in  the  "llif;h”  amplification 
position. 

A cardboard  box  was  painted  black  and  placed  around 
the  apparatus,  and  a black  curtain  was  placed  over  the  box 
to  further  remove  light  leaks.  The  room  lights  were  also 
extinguished  during  testing,  because  the  fluorescent  lights 
were  found  to  produce  electrical  noise  in  the  Lock-In 
amplifier. 

Coil  Structure  and  Fi eld  Generation 

Figure  12  shows  the  coil  arrangement  with  the  coil  and 
sample  holder  while  Figure  10  shows  the  electrical  and  place- 
ment scliernatic.  The  coils.  Cl  and  C2  in  Figure  10,  were  used 
because  they  were  available  in  the  Electronic  Research  Dranch 
of  the  Air  Force  Avionics  Lab. 

The  large  coils  wci'e  used  in  the  final  arrangement  to 
provide  a DC  field,  HA  only.  The  large  coils.  Cl,  had  an  in- 
side diameter  of  4 in  and  were  wound  with  300  turns  of 
AWG  copper  wire.  The  small  coils  had  aii  inside  diameter  of 
1.5  in  and  were  wound  i.'ith  100  turn.s  .''20  AWG  copper  wire. 

Both  sets  of  coils  were  placed  in  the  Helmholt?,  condition, 
that  is,  the  coils  v/ere  placed  a mean  radius  apart.  The 
large  coils,  Cl,  were  placed  1 3/0  in  apart  while  the  coils 
C2,  were  placed  1 in  apart. 

A Bell,  Model  615,  Gaussmetor  with  a lOX  probe  was 
used  to  measure  the  field.  It  was  found  that  the  field  was 
uniform  along  the  axis  of  the  coils  for  ± 3/0  in  from  the 
center  of  the  coils.  The  magnetic  film  sample  was  placed  in 
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the  approximate  center  of  the  coils,  on  the  centerline.  The 
coils  Cl  had  a maximum  DC  field  at  the  center  point  of  230 
Oe  at  10  A DC.  The  small  coils,  C2,  had  an  RMS  maximum  AC 
field  to  100  Hz  of  100  Oo.  A 2 ohm  re.sistor,  R1 , was  placed 
in  one  supply  load  of  the  C2  coils  and  a voltmeter  connected 
across  the  re.':!i.stor  to  measure  the  voltage  drop.  The  small 
ooils  were  then  calibrated  against  RMS  AC  voltage  for  con- 
venience in  establishing  a knovai  AC  field  for  subsequent 
testing.  For  example  1.5  V RMS  corresponded  to  an  8 Oe  RMS 
field.  The  DC  field  was  measured  each  time  it  was  used  (in 
ATTMg  measurements)  directly  in  front  of  the  sample,  on  the 
centerline  between  the  laser  and  the  sample. 

The  coils  Cl  were  pov/ered  by  a HJE  Corp,  Model  CR60-9i 
60-Y,  9-A  power  supply.  The  AC  coils  v/ere  driven  by  a 
Kepco,  Op-A.mp  jjower  supply  with  the  frequency  source  being 
a Hewlett-Packard,  Model  200CD,  oscillator. 

Sample  Preparation 

The  samples  were  chosen  from  those  available  in  the 
Air  Force  Avionics  Laboratory,  Electronics  Research  Branch, 
Wright-Patterson  Air  Foi'ce  Base,  Ohio.  Several  cleaning 
methods  v/ere  tried.  The  first  method  used  trichloroethylene 
and  acetone,  followed  by  2 to  3 minutes  of  ultrasonic  clean- 
ing in  freon.  The  second  method  used  only  a wash  in  an 
Alconox  laboratory  glassware  soap  solution  followed  by  a 
rinse  in  v;arm  water.  A cotton-tipped  applicator  stick  was 
used  to  scrub  the  samples  while  in  the  Alconox  solution. 

The  second  method  proved  adequate  for  subsequent  optical 
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testing. 

All  samples  were  mounted  in  a slit  cut  in  a 1/8  in 
wooden  dov/el  rod.  The  dowel  i-od  fitted  into  the  adjustable 
sample  holder  that  is  shown  in  Figure  12. 

One  sample  v/as  etched  in  boiling  phosphoric  acid  to 
remove  the  garnet  layer  from  one  side  of  the  double-sided 
wafer.  The  sample  (1-9-3)  was  prepared  by  ultrasonic  rins- 
ing in  trichloroetliylene , followed  by  acetone  and  then  freon 
for  2 to  3 minutes.  A section  of  one  side  of  the  2 by  3 cm 
sample  was  then  coated  with  General  Electric  Co.  Room  Te.mper- 
ature  Vinyl  and  allowed  to  cure  for  2A  hours.  The  sample 
was  then  boiled  in  phosphoric  acid  for  30  minutes  at  150°G. 
The  vinyl  v/as  removed  using  a commercial  solvent,  Dynasolve, 
and  the  sample  cleaned  in  an  Alconox  solution.  It  was  then 
mounted  on  a dowel  rod  for  optical  testing. 

Three  techniques  were  used  to  magnetically  prepare 
the  sample.  In  the  first  method,  the  coils  Cl  were  pow- 
ered to  the  maximum  DC  field,  230  Oe,  and  then  the  DC 

« 

power  supply  was  .switched  off.  It  v.-as  assumed  that  the 
domains  would  return  to  some  average  stripewidth  and  give 
better  repeatability  and  more  accurate  results.  The  second 
method  involved  gradual  application  of  a DC  field,  by  metins 
of  the  current-limiter  control  on  the  NJE  power  supply,  and 
then  return  of  the  field  to  zero  using  the  same  control. 
Finally,  when  Henry  published  his  preconditioning  technique, 
a similar  method  was  tried.  Henry  used  a slow  (10  second 
period)  saturating  sine  v.'ave  applied  simultaneously  v/ith  a 
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small  (5  Oe)  20  Hz  field  (Ref  12:1529).  This  third  tech- 
nique applied  a 100  Hz  AC  field  to  the  sample  iind  gradually 
increased  the  amplitude  to  a maximum  of  100  Oe  in  coils  C2. 
Then  the  field  was  gradually  reduced  to  zero.  If  derivative 
detection  was  employed,  the  AC  field  was  then  reset  to  the 
desired  value  of  8 Oe  for  stripewidth  measurements  and  3 Oe 
for  Wvlg  measurements. 

Spatial  Filter  Design.  Construction  eind  Mount ing 


Figure  14.  Geometry  of  the  Spatial  Filter,  Final  design 

Henry  utilized  a metallized  glass  sheet  with  an  annu- 
lar pass-ring  width  of  1.0  ram  and  a moan  radius  of  1.0  cm 
(Ref  12:1528).  The  pass-ring  width  is  1/2  of  the  difference 
between  the  inner  and  outer  dijimeters.  Originally  in  the 
Electronic  Research  Branch  installation  it  was  desired  to 
use  a ready  made  filter  obtained  from  a phase  contrast  mi- 
croscope. This  filter  had  a mean  radiujv  of  0.86  cm  (0.3^  i“) 
and  a pass-ring  width  of  0.13  cm  (0.05  in).  Three  problems 
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becaiTio  apparent  with  this  roady-matic  filters  first,  it 
could  not  be  positioned  close  enough  to  the  film  to  detect 
the  second  order  maximum  for  1 to  2 urn  bubble  films;  second, 
the  width  of  the  pass-ring  was  excessively  wide  making  the 
modulated  signal  extremely  weak;  and  third,  the  actual  fil- 
ter was  located  between  two  pieces  of  glass  making  an  accu- 
rate determination  of  mean-radius  and  pass-ring  width  im- 
possible. 

Design  of  a new  filter  was  initiated  v.dth  the  intent 
of  having  one  filter  suitable  for  both  4 to  6 un  and  1 to 
3 urn  bubble  films.  The  minimum  distcince  from  tVie  film  in 
the  film  holder  to  the  spatial  filter  was  approximately 
3.25  in.  This  minimum  distance  arises  from  interference  of 
the  coil-holder  optical  bench  mount  and  the  spatiaJL-filter 
holder  optical  bench  mount.  For  a typical  5 urn  thick  film 
the  zero  field  stripewidth  is  approximately  6 urn  (Ref  4:252). 
The  minimum  mean  diameter  of  a filter  for  these  films  was 
then  computed  from  Equation  (8).  The  minimum  diameter  is 
0.4  in  for  a film  holder- filter  distance  of  3-25  in.  For  a 
typical  2 urn  thick  film  the  zero  field  stripewidtli  is  ap- 
proximately 1.7  urn  (Ref  14:22).  This  corresponds  to  a min- 
imum diameter  of  1.3  in.  A mean  filter  diameter  of  I.3  in 
was  thus  chosen  as  the  best  value  for  both  4 to  7 and  1 to 
3 um  stripewidth  films. 

Two  pass-ring  widths  were  chosen:  0.030  in  and  0.040 
in.  It  was  believed  that  one  of  these  would  provide  both  a 
sufficiently  modulated  signal  at  2 Oc  and  enough  traiisraittcd 
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light  to  bo  detected. 

An  attempt  was  made  to  construct  these  filters  in  the 
AFIT  Coop  Laboratory.  First  two  brass  rings  were  machined 
out  of  available  material,  one  with  an  inner  diameter  of 
1.1235  in  and  outside  diameter  of  1.295  in,  and  another  with 
a 1.215  in  inside  diameter  and  a 1.295  in  outside  diameter. 
Wliile  both  those  rings  have  mean  diameter  less  than  that  re- 
quired for  2 urn  thick  films  this  was  the  only  size  material 
available.  Glass  plates,  2 in  by  2 in  were  then  cleaned  in 
detergent,  followed  by  trichloroethylene,  acetone,  and  raet]i- 
anol  rinses.  The  glass  plates  were  aluminized  using  vacuum 
evaporation  equipment  in  the  Coop  Laboratory.  The  alumi- 
nized plates  were  coated  with  photoresist  and  the  machined 
ring  placed  on  top.  The  pJiotoresist  was  then  exposed  to  I5 
seconds  to  a mercury  light.  The  ring  was  then  removed  cmd 
the  photoresist  developed  using  xylene  luid  butyl  acetate. 

The  aluminum  was  then  etched  for  approximately  1 min  in  a 
mixture  of  phosphoric  acid  (120  ml),  nitric  acid  (7  ml), 
glacial  acetic  acid  (7  ml),  and  de-ionized  water  (130  ml). 
This  left  an  aluminum-plated  glass  slide  with  an  appro- 
priate pass-ring. 

Unfortunately  several  events  combined  to  produce  only 
one  usable  filter.  One  slide  was  improperly  cleaned  and  the 
aluminum  peeled  off  during  the  pliotoresist  process.  One 
slide  was  not  exposed  properly,  and  consequently  the  ring 
did  not  develop.  Another  slide  was  over-etched  during  the 
etching  process,  resulting  in  an  unusable  filter. 
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' The  one  unable  filter  obtained  from  the  Coop  Labora- 

! tory  has  an  inaide  diameter  of  1.235  in  nn  outer  dijuiieter 

of  1.295  in.  This  filter  wan  utilized  in  the  present  study 
{uid  has  a me;ei  radius  of  0.6325  in. 

I 

I 

It  wan  found  e.xperimentally  that  alignment  of  the 
spatial  filter  was  critical.  The  spatial  filter  was  then 
mounted  on  a block  of  v/ood  with  Lens  A,  Figures  9 and  10. 

Finally  the  block  of  wood  v/as  mounted  on  a surplus  micro- 
scope x-y  stage  which  provided  horizontal  and  vertical  ad- 
justment of  the  filter.  The  signal  could  then  be  inaxim- 
inized  by  the  x-y  adjustments  of  the  stage. 

i 

1 Measurement 5;  and  Accuracy 

The  basic  measurei.ient  of  length  required  was  the 
sample-spatial  filter  distance,  Figure  10.  This  length 

was  established  by  calibrating  the  optical  bench  to  a known 
distance.  A 9-991  in  long  metal  rod  was  cut  and  set  on  a 
laboratory- jack,  while  the  index  on  the  spatial  filter  mount 
was  set  at  a convenient  centimeter  mar'k  on  the  optical  bench. 

The  lab  jack  was  positioned  on  the  optical  bench,  with  the 
rod  aligned  parallel  to  the  centerline;  then  the  test  sample 
and  coil  holder  mount  wore  carefully  moved  up  until  the  rod 
just  touched  the  center  of  the  spatial  filter  and  also  just 
touched  the  test  sample.  The  optical  bench  was  then  cali- 
brated to  a known  position. 

The  optical  bench  had  a centimeter  scale  with  milli- 
meter markings  engraved  upon  it.  One  of  the  desirable  ob- 
jectives for  the  spatial  filter  was  to  increase  the  prcci- 
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sion  in  the  measurement  of  W from  2 significant  figures  to  3 
significant  figures.  For  example,  if  a 5-00  urn  stripev/iclth 
was  to  be  measured,  then  Dpp  had  to  be  known  to  a precision 
of  ±0.01  in  which  corresponds  to  ±0.25  nim*  To  achieve 
three  significant  figure  accuracy,  it  was  necessary  to  esti- 
mate the  division  of  1 mm  by  the  spatial  filter  mount  index 
to  within  0.25  nim.  Dpp  was  also  needed,  to  the  same  pre- 
cision, for  placing  the  spatial  filter  a known  distance  from 
the  sample  for  the  measurement  of  ^TrMg.  Three  significant 
figures  were  the  standard  of  precision  chosen,  limited  by 
the  measurement  of  Dpp. 

The  Measurement  of  the  Anisotrory  Field , Hk 

By  positioning  the  coils  C2  normal  to  the  laser  beam 
an  attempt  was  made  to  generate  sufficient  in-plane  field  to 
detect  the  minimum  of  the  Faraday  rotation  that  shoul.d  occur 

! 

i as  the  magnetii,ation  vector  is  pulled  in-plane  (Ref  20:111- 

114).  If  the  field  Hk  was  kno\m,  the  quality  factor  could 
be  computed,  as  least  on  a "first- try"  approximation,  by  di- 
viding Hk  by  the  4TTMg  value  for  infinite  Q. 

Unfortunately  the  combined  field  of  300  Oe  DC  from 
coils  Cl  and  C2  was  not  sufficient  to  measure  even  low  val- 
ues of  Q,  (for  example,  Q = 2)  since  for  a 4TrMg  of  200  G 
this  required  an  Hk  field  of  400  Oe.  The  coils  becajne  too 
hot  for  fields  larger  than  300  G and  furthei'  attempts  to 
measure  Hk  were  abandoned. 

i 
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IV . Experiincntal  Procedure 

Introduction 

The  measurements  wore  taken  by  the  methods  described 
in  the  Apparatus  section.  The  following  description  shows 
how  the  values  of  VJ  and  (?-s  presented  in  the  Results 

section  of  this  study)  were  obtained.  The  Fortran  computer 
program  to  obtain  tVie  tables  for  the  sample  calculation  is 
listed  in  the  appropriate  Appendix  along  with  sample  values 
from  the  tables. 

Procedure  Steps 

1 . The  sample  v,fas  mounted  in  the  sample  holdez'  and  position- 
ed in  the  center  of  the  coils. 

2.  The  optical  alignment  of  the  system  vvas  checked  before 
each  sample  was  measured.  This  was  accomplished  by  align- 
ing each  element  including  the  sample  so  that  tlze  laser 
beam  was  reflected  back  to  the  laser  output  pupil. 

3.  If  the  Lock-In  Amplifier  was  to  be  used,  a known  AC 
field  was  established  in  coils  C2  vising  the  Gaussmeter. 

4.  The  sample  was  saturated  magnetically  with  a precon- 
ditioning technique.  The  teclmiques  used  are  presented  in 
Figure 

5.  The  reference  graduation  on  the  optical  bench  was  es- 
tablished by  placing  the  knovm  lengtli  measuring  rod  on  the 
Lab-Jack.  The  index  on  the  spatial  filter  mount  was  aligned 
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with  a suittible  mark  and  the  aample  holder  brought  to  a 
knov/n  distance  away.  This  procedure  allowed  the  bubble  film- 
to-spatial  filter  distance  to  be  read  off  the  optical  bench 
scale . 

6.  The  apparatus  to  be  used  was  connected.  If  the  micro- 
voltmeter  was  to  be  used  to  record  the  position  of  the  max- 
imum intensity  of  diffracted  light  passing  through  the  fil- 
ter, no  AC  field  was  used.  If  the  Lock-In  amplifier  was  to 
be  used,  the  output  of  the  photodetector  was  connected  to  the 
input  of  the  Lock-In  and  the  Lock-In  v/as  tuned  to  twice  the 
oscillator  frequency.  The  reference  signal  of  the  Lock-In 
was  checked  using  an  oscilloscope  to  insure  that  it  was  the 
proper  frequency  ■ (200  }Iz) . The  mixer  output  of  the  Lock-In 
was  used  as  a Null  output  for  derivative  detection. 


7.  The  spatial  filter  was  positioned  either  for  maximum 
signal  strength  on  the  microvoltmeter  or  a null  on  the  Lock- 


8.  The  photodetection  apparatus  was  positioned  for  maximum 
received  signal  and  the  position  of  the  spatial  filter 
rechecked. 

9-  The  scale  on  the  optical  bench  was  read  and  the  result 
converted  to  a value  for  Dpp  in  inches. 

10.  Using  the  formula 

2 W sin  0 = X (8) 

W was  calculated  based  on  the  trigonometric  relationship 


(18) 
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where  .6326  iu  the  mean  radiur;  of  the  spatial  filter.  W 
was  recorded. 

11.  Using  the  thickness  of  the  film  as  provided  by  the  man- 
ufacturer, D/H  was  calculated  from  the  expression 

D = 2 VJ  (Zero  field)  (19) 

12.  Using  the  calculated  D/H,  a Table  based  on  the  results 
of  the  computer  program  (Appeiidix  B)  for  D/H  versus  L/H  , 

M/f.'.g  = 0.0,  was  used  to  find  L/H.  The  Q - 1000  column  of 
the  sample  Table  in  Appendix  B was  used  for  all  caJ.culations . 
L/H  is  a material  constant. 

13-  Using  the  saine  computer  program  of  Appendix  D,  another 
table  with  L/H  (M/Ms  =0.0)  at  the  new  value  of  M/M^,  that 
is,  M/Mg  = 0.5 1 was  used  to  find  D/H  for  H/M^  = 0.5*  This 
table  of  D/H  versus  L/H  was  generated  from  the  same  program 
except  M/Mq  was  chai'iged  to  0.5- 

1^.  The  new  Dpp  for  the  spatial  filter  was  found  from  the 
relationship 

K ‘ ^ 

D„p,  = .6326  ( ( )^  -I)*"  (20) 

2 X 

which  is  obtained  from  Equations  (8)  and  (19)  combined  with 
n=2. 

15*  The  spatial  filter  was  positioned  at  this  new  Dpp,  using 
the  calibrated  scale  of  the  optical  bench,  and  the  Lock-In 
amplifier  checked  for  setup.  The  AC  field  in  coils  C2 
was  checked  to  verify  a known  value. 

16.  The  DC  field  was  gradually  increased  until  a null  was 
detected  on  the  Lock-In  mixer  output. 
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17.  The  DC  field  v2G.ue  was  measured  using  the  Bell  Gaussmeter. 

18.  The  Fortran  computer  program  of  Appendix  C was  used  to 

generate  a table  of  values  for  HA/^rrMg  at  = 0.5»  using 

D/H  (M/^g  = 0.5)  as  an  argument,  and  with  D/H  (M/Mg  = 0.5) 
known,  a value  of  HA/^trMg  was  located  for  Q = 1000. 

19.  ^Mg  was  calculated  from 

JWMg  = ^ (21) 

Table  vadue  (Appendix  C) 

Sample  Calculations 
Datei  26  September  1977 
Samplei  3-18-18 

Note*  Numbers  in  parenthesis  refer  to  appropriate  steps 
under  the  procedure  steps  just  listed. 

(4-)  Saturate  the  sample  magnetically.  A manually  ramped 
DC  field  was  used. 

(5)  Set  the  index  on  the  Spatial  filter  mount  to  the  57-00 
cm  mark  on  the  optical  bench.  Set  the  9-991  in  measuring 
rod  on  the  Lab- Jack  and  position  one  end  of  the  rod  against 
the  spatial  filter.  Bring  the  bubble  film  up  to  the  other 
end  of  the  rod.  This  establishes  the  spatial  filter  bubble 
film  distance  as  9-991  in  with  a reference  mark  of  57-00  cm 
on  the  opticEil  bench. 

(6)  Using  the  microvoltmeter  four  measurements  were  made 
of  the  peak  output.  The  following  reference  marks  were  re- 
corded for  these  trialsi 

60.62  cm 
60.71  cm 
60.78  cm 
60.51  cm 
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The  average  is  60.66  cm  which  makes  Di,.].'  equtil  to  8.55  in. 

(10)  VJ  is  4.29  urn,  from  Equation  (B). 

(11)  D/H  is  2.09  v.'liere  II  is  4.10  urn  as  provided  by  the  man- 
ufacturer . 

(12)  Find  L/H  from  Appendix  B,  for  Q - 1000,  M/M,.  = 0.0 
L/H  is  equal  to  0.12026. 

(13)  Find  D/H  for  = 0.5  from  the  sample  table  in  Appen- 

dix B.  D/B  is  now  equal  2.79* 

(14)  Find  the  new  spatial  filter  distance.  D2?p  = 5.683  in 
from  Equation  (20),  with  D/il  = 2.79  and  H = 4.10  um.  Since 
the  57.00  cm  mark  on  the  optical  bench  corresponds  to  a 9.991 
in  spatial  filter-bubble  film  distance,  the  67.94  cm  mark  on 
tlie  optical  bench  corresponds  to  a Dpp  of  5.683  in. 

(17)  The  field  was  measured  as  85. 0 Oe. 

(19)  From  Appendix  C,  HA/4riI.'ig  is  0.270791  for  Q = 1000,  and 
D/H  is  equal  to  2.79.  and  ll/llr.  ~ 0.5.  4TTMg  is  then  316  Gauss. 

These  values  of  IV,  L/H,  and  are  recorded  in  Table  IV  of 

the  results  section. 
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V . Exiierimontal  Results 

Introduction 

The  results  of  the  study  was  presented  in  Tables  IV  to 
XV.  The  results  v/ore  obtained  using  the  apparatus  described 
in  the  Apparatus  section  of  this  study  aiid  using  the  experi- 
mental procedure  of  the  previous  section.  The  results  show 
wide  discrepancies  in  the  measurement  of  VJ  from  expected 
values  based  on  manufacturers'  data.  The  average  difference 
in  W for  4 to  7 urn  films  from  the  W of  the  manufacturer  is 
15  percent,  while  the  average  difference  in  W for  1 to  3 urn 
films  is  14  percent.  The  average  difference  in  4ttK2  for  all 
films  is  23  percent.  The  notes  for  Tables  IV  to  KTV  are 
shov.n  in  Figures  15.  I6,  17.  and  18. 

The  basic  assumption  underlying  all  the  measurements 
was  that  they  should  be  repeatable  within  experimental  ac- 
curacy because  it  was  assumed  that  after  any  saturating  mag- 
netic disturbance  the  stripewidth  would  i-eturn  to  the  same 
average  value.  This  v/as  found  not  to  be  the  case.  Different 
preconditioning  techniques  yielded  different,  non-repeatable 
results.  If  the  films  had  a unique  characteristic  stripe- 
v/idth,  the  measurements  should  have  been  repeatable  and 
predictable  after  a magnetic  disturbiince . The  results  listed 
do  not  bear  this  out.  ' 

6.  i 
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Results 

Table  IV  ahov/s  the  results  for  sample  This 

sample  has  a particularly  high  coercivity,  4.2  G,  measured 
by  Professor  Clark  Searlo  of  the  University  of  Manitoba, 
Canada  (Ref  26).  Photographs  taken  of  this  film  in  the  Air 
Force  Avionics  Laboratory  show  magnetic  and  physical  defects 
which  may  have  caused  problems  with  repeatability  and  accu- 
racy because  magnetic  defects  tend  to  distort  the  minimum 
domain  energy  condition.  Table  IV  shows  that  for  this  sam- 
ple, even  with  the  same  technique  of  preconditioning  and 
using  the  same  equipment,  the  results  for  VJ  differ  by  -19% 
to  +2/J  from  the  manufacturer's  data.  For  the  measurement  of 
4TTr.lg,  t>  e Lock-In  amplifier  was  used  with  the  spatial  filter 
positioned  at  the  appropriate  precomputed  location. 

Tables  V,  VI  and  VII  show  the  results  for  films  sim- 
ilar to  J-lS-16  except  that  these  films  are  not  known  to 
have  high  coercivity  nor  to  be  magnetically  or  physically 
defective.  The  measurements  for  TI  ^696  showed  differ- 

ences of  +15^^  and  -25?^  from  manufacturer's  data  (Table  V). 
The  4TrMg  measurements  for  sample  1-9-3  showed  and  -^2% 

discrepancies.  Each  time  a measurement  was  made  the  appara- 
tus was  checked  for  alignment  cUid  the  physical  measurements 
checked  for  large  errors. 

Table  VIII  shows  the  results  of  measurements  on  sample 
1-9-3*  Sample  1-9-3  v/as  prepared  for  single-sided  film  ex- 
periments as  described  in  the  apparatus  section.  The  re- 
sults show  the  same  low  value  (average  -30%)  for  W as  those 
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in  Table  VII,  the  results  for  the  same  film,  except  double 
sided. 

Tables  IX,  X,  XI,  XII,  XIII,  and  XIV  show  the  results 
for  the  1 to  3 urn  tilms.  These  tables  all  show  the  same 
general  pattern,  that  is,  they  exhibit  similar  ± average 
differences  from  expected  values  with  no  particular  pattern. 
The  ^rrMg  measurement,  only  possible  for  films  6-20-12  (Table 
XII)  and  6-20-11  (Table  XIII),  shows  up  to  a 6l^  difference 
between  the  manufacturer's  data  and  experimental  results.  The 
4TTMg  measurement  made  on  these  films  is  different  in  one  re- 
spect from  that  of  the  other  films.  The  AC  field  required 
for  detection  of  a signal  was  very  large,  approximately  50 
Oe  in  one  case,  in  contrast  to  the  fields  of  as  low  as  3 Oe 
required  for  4 to  7 urn  films.  Notes  9 to  13  of  Figure  18 
apply  to  these  films. 

Table  XV  shows  the  results  of  a comparison  done  between 
the  Signal-Only  Mode  and  the  Phase  Lock  Mode  of  the  Lock-In 
amplif3.er.  In  the  Signal-Only  Mode,  the  Lock-In  amplifier 
was  used  as  a wide  band  signal  voltmeter  with  no  signal- 
reference  frequency  mixing.  The  values  in  both  columns  are 
approximately  the  same  and  show  no  pattern  for  AC  fields  up 
to  40  Oe. 

Figure  19  shows  one  reason  why  the  measured  value  of  W 
is  usually  lower  than  the  manufacturer's  W.  For  any  AC  field, 
it  appears  that  the  magnetization  reduces  the  average  stripe- 
width.  The  photographs  of  Figure  9 were  taken  using  the 
diffraction  pattern  photography  setup  and  show  qualitatively 
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that  even  a small  AC  field  of  approximately  2 Oe  changes 
the  mean  radius  of  the  diffraction  pattern.  Figure  19 » A 
shows  the  diffraction  pattern  after  the  saturation  field  (DC) 
is  suddenly  removed  and  Figure  19 » B shows  the  effect  of  the 
application  of  a 2 Oe  AC  field  following  the  conditions  of 
photograph.  It  is  believed  that  the  diffraction  radius  does 
not  change  significantly  between  AC  fields  of  2 to  8 Oe. 
Unfortunately,  the  lowest  value  of  AC  field  that  could  be 
detected  using  the  Lock-In  amplifier  was  8 Oe  v/hich  is  the 
starting  value  in  Table  XV. 
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Table  VII 

Sanrole  1-9-3  (Double-sided 
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Lock-In 


9/26  KicrovoltiTieter^  33-50(00)-^  1.86  ( + 19f>) 
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Tabic  XIV 
Sample  4-5-77  £2 


Date 

Data  Source 

Magnetic 

Preparation 

V'!  ( um ) 

4nMg(G) 

Manufacturer^ 

Unknown 1 

1.5 

5^ 

9/22 

Microscope^ 

Last  State^ 

1.6 

( + 7/)'^ 

9/13 

Lock-In^ 

SS-C(DC)^ 

1 .83 

(+22/)^  ® 

9/13 

Lock-In 

SS-0 ( DC ) 

CO 

{■*■22/0 ) ^ 

9/1 4 

Lock-In 

SS-O(DC) 

1 .60 

(■‘20/)  3 

9/15 

Lock-In 

SS-O(DC) 

1 .86 

(+24/)3 
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Table  XV 

M Vorr;un  Field  for  Sampl o 3-18-16 


AC  Field  (Oe) 

Lock-In  Amplifier'^ 

Si{’:nal -only  Kode 

]’hase  Lock'^ 

W ( urn ) 

W ( urn ) 

8 

4.00 

4.00 

12 

3.96 

4.00 

15 

3.98 

3.98 

18 

4.00 

3.93 

21 

4.00 

3.98 

24 

3.98 

3.98 

28 

4.01 

4.00 

35 

4.04 

4.03 

42 

4.08 

4.08 

Notost 

1.  The  I-ocl:-ln  An.plificr  v;as  ur.ed  aa  a wide-band  aignal 
Vi'ittrsljr  with  tiu  ; t i al -fi  1 ter  . 

- • , • ' •“  ; ' th. *•  I A’npljfirr  was: 

f c ♦ > ' • * r'*  . 
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Mn[':in-  t.i  v 1 on 

1.  Unknown:  It  i r.  not  ktiowi  whotlu-r  the  nianii t'actiu'or  ur.od 
any  typo  of  napinotic  pi'oconditioni  nr>  of  the  nample  hofoi'o 
takinp,  mcanurcmontr. . 

2.  Last  State:  The  aaiiip^lo  was  need  an  dt'fined  by  itn  lant 
ma^^not  ic  ntntc.  'Dn-onyh  out  the  ntudy  ntriiiewi  d t)i  wan  an- 
Bumod  to  bo  a conn.trnit  inatc'rial  pai-ometor  that  would  n turn 
to  nonio  avoi'apA'  value  after  a nja.fjnet  i o dinlurbanoo. 

3.  SS-SO(nC):  Thin  pieparation  teolinique  r.ned  Die  ooiln  Cl 
and  naturated  the  nample  nlowly  to  2'iO  Oo  then  nlowly  back 
to  zcJ'o  DC  field. 

4.  SS-O(nc):  The  coilt;  Cl  were  ).owered  to  irjO  Oe  by  Die 
NJE  DC  power  nupply,  tlu'ii  the  power  wan  nwi  tedied  off.  It 
was  annumod  the  nti’ipowidth  would  ann.ume  noine  repc'uta.M  e 


avtiraf.o . 

5.  M.af:net:  A 1000  Oe  permanent  nupuiet  was  brouplit  nt'ai'  tlie 
sample  tlicn  I'cmoved  . 

6.  SS-SO(AC):  The  coils  C2  wei’c  powered  to  100  Oe  with  a 
100  \\7.  AC  signal.  The  cvirrent  p;ain  was  slowly  tui'ned  up  to 
maximum,  then  slowly  turned  down. 
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Data  Source 

1 . The  manufacturer  in  all  cases  used  optical  teclmiques  to 
detei'mine  H (not  listed),  VJ,  and  4TrMs . The  manufacturer's 
data  was  available  for  each  sample  through  the  Air  Force 
Avionics  Lab,  Electronics  Resource  Branch,  VJright-Fatterson 
Air  Force  Ease,  Ohio. 

2.  A Zeiss  inicroscopc  available  late  in  the  study  with  a 
poloroid  photograph  attachment  was  used.  At  least  two  meas- 
urements of  the  photographed  stripewidth  were  made  and  the 
results  averaged.  Accuracy  is  estimated  at  no  better  than 
2i/j,  because  of  the  small  number  of  stripewidths  considered 
and  because  a variation  in  stripewidth  of  0 to  1 um  (found 
in  several  samples)  on  a mean  4.0  um  stripewidth  sample 
yields  a 2%  error. 

3.  Photographed  with  unknown  equipment  under  contract  num- 
ber AFAL  F-33615-77-C-IOO2. 

4.  The  Lock-In  amplifier,  with  spatial  filtering  described 
in  the  apparatus  section  of  this  study,  used  for  both  Vi  and 
4ttK^  . 

5.  Microvoltmeter  and  Lock-In:  Spatial  filtering  with  the 
Hewlett-Packard  microvoltmeter  used  to  determine  the  peak 
response  for  VJ  and  the  Lock-In  amplifier  used  for  the  deter- 
mination of  4TTKg . The  AC  field  in  coils  C2  for  the  AC  sig- 
nal- generation  were  as  specified  by  the  note  in  t)io  4nM2 
column . 
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6.  Diffraction:  A photof.raph  of  the  diffraction  pattern 
wac  obtained  and  VJ  obtained  from  it  as  described  in  the  appa- 
ratus section  of  this  study. 

7.  Microvoltmcter : The  microvoltmcter  and  spatial  filter 
were  used  tof^ether.  The  Lock- In  amplifier  was  not  used. 

8.  The  I.ock-ln  Amplifier  was  used  in  conjunction  with  the 
spatial  filter  with  the  manuf  actvu'cr  ’ s W in  an  attempt  to 
find  the  sources  of  discrepancy. 
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1.  The  percent  figure  in  parenthecir  refers  to  the  devia- 
tion from  manufacturer's  data  with  sign  indicating  the  di- 
rection . 
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C2 

was 
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AC  field 

in 
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was 

28  Oe. 

5. 

AC  field 

in 

coils 
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was 

5 Oe. 

6 . 

AC  field 

in 

coils 

C2 

was 

21  Oe. 

7. 

AC  field 

in 

coils 

C2 

was 

2 Oe. 

B. 

4TiMg  could  not  be 

measured  becau 

couid  not  be  positioned  close  enough  to  the  stap;e . 

9.  The  signal  could  not  be  obsei'vcd  without  a very  large 
AC  field  (approximately  '-IC  Ce).  Tlu;  total  field  }iA  was  the 
HKS  AC  field  plus  the  DC  field  . 

10.  Manufacturer’s  data  used  for  4TrMr5  study. 

11.  Very  large  AC  field  required.  Total  }IA,  l6b  Ce:  60  Oe 
RMS  AC  + 100  Oe  DC.  Unable  to  duplicate  with  any  other 
sample . 

12.  Very  large  AC  field  required.  Total  HA,  2A4  Oei  56  Oe 
RMS  AC  + 188  Ce  DC. 

13.  Very  large  AC  field  required.  Total  HA,  219  Pet  59  Oo 
RMS  AC  + 160  Oe  DC. 


figure  18. 


Notes,  on  the  columns, 
IV  to  XV 
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W and  from  Table 
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V I . ConnlUBionr;  ^md  Roc oinmRndat ions 

Concliir.i  on:.; 

This  study  did  not  confirm  validity  of  the  spatial  fil- 
tering technique  for  the  static  characterization  of  magnetic 
bubble  films  with  a stripewidth  of  ^ to  6 urn.  An  examination 
of  Tables  V to  XIV  show  that  out  of  20  trials  using  the  spa- 
tial filtering  apparatus  for  the  measurement  of  W,  only  3 
were  witliin  1 percent  of  the  manufacturer's  specifications, 
and  these  3 were  for  one  film,  t-i8-l6,  of  Table  V.  O^f  Uie 
20  trials,  12  deviated  by  less  than  10  percent  and  the  re- 
mainder deviated  by  a maximum  of  A1  percent  (Table  VII). 

The  L/H  value  was  computed  for  11  trials  and  only  2 wore 
within  10  percent  of  the  iniuiufacturer ' s data.  The  AttM,,  val- 
ue was  computed  for  9 trials  :ind  only  1 trial  is  within  10 
percent.  The  other  measurements  of  for  these  4 to  7 am 

films  shov/  deviations  of  up  to  -51  percent  (Table  VII). 

Four  of  the  measui'oments  for  were  greater  than  the  man- 

ufacturer's  optic.al  detection  aiid  five  were  lower. 

This  study  was  also  inconclusive  in  extending  the 
spatial  filtering  technique  to  1 to  3 um  stripewidth  films. 

Of  12  tricils  to  measure  W for  these  films  none  were  within 
1 pjercent  ajid  only  3 v;erc  within  5 percent  of  manufacturer's 
data,  as  shov/n  by  t)ie  data  of  Tables  VI  to  XI.  Only  2 of 
the  12  trials  were  loss  than  manufacturer's  W,  the  other 
trials  averaged  14  percent  higher.  Ihie  L/)I  value  was  com- 
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putcd  for  5 trials  and  ranged  from  -20  percent  (Table  VI)  to 
to  +33  percent  (Table  X).  Because  the  spatial  filter  could 
not  be  placed  close  enough  to  the  film  to  measure  the  second 
order  diffraction  angle  only  tv/o  1 to  3 um  films  were  meas- 
ured for  The  values  of  Table  IX  and  X were  ob- 

O •-> 

tained  only  with  greater  tlian  40  Oe  AC  fields,  and  range  from 
+1  percent  to  +6l  percent  of  the  manufacturer’s  results. 

This  study  did  not  find  a pre-conditioning  teclinique 
that  yielded  results  for  VJ,  L,  or  Wig  within  10  percent  of 
the  manufacturer's  data  for  all  films  tested.  It  was  ini- 
tially assumed  that  after  the  removal  of  a saturating  magnetic 
disturbance  the  films  should  return  to  some  characteristic 
condition.  Only  sample  3-18-16  was  believed  to  have  a co- 
ercive field  greater  than  1 G,  and  even  for  this  film  it  was 
believed  that  t)ie  large  number  of  stripowidths  covered  by 
laser  beam  (approximately  125)  would  negate  ajiy  effects  of 
localized  coercivity  due  to  magnetic  or  physical  defects. 

The  descriptions  of  the  magnetic  preparations  tried  arc  pre- 
sented in  Figure  15.  Very  late  in  the  study  Henry  published 
a pre-conditioning  technique  that  used  an  electronically  con- 
trolled saturating  sine  wave  with  a 10  second  period  (Kef 
12:1529).  Unfortunately  equipment  was  not  available  to 
produce  this  electronically  controlled  saturating  wave  for 
this  experiment.  The  results  of  Tables  IV  to  XIV  for  a man- 
ually controlled  saturating  sine  wave,  or  a manually  con- 
trolled saturating  DC  field  show  that  the  average  stripe- 
width  is  a function  of  the  pre-conditionir,g  techniqvic. 
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This  study  found  no  difference  in  the  technique  used 
to  measure  the  maximum  pliotodetector  output.  From  examina- 
tion of  Tables  IV  to  XV  it  can  be  seen  that  the  errors  are 
in  no  particular  pattern  nor  did  the  Lock-In  ainplificr  prove 
to  be  more  accurate.  For  fields  below  8 Oe  it  is  believed 
that  the  microvoltmeter  may  provide  a more  accurate  determin- 
ation based  on  the  results  of  Figure  19 . Fi{,;are  19  shov/s 
that  when  a 2 Oc  AC  field  is  applied  to  a sample  after  a 
saturatin(^  ma^pietic  disturbance  the  ir.ean  radius  of  the  dif- 
fraction pattern  is  increased.  This  means  that  the  average 
stripev/idth  has  decreased  under  the  influence  of  the  applied 
field.  Above  8 Oo,  the  stripewidth  chaeiges  very  little  from 
8 Oe  to  42  Oe  as  can  be  seen  from  Table  XV.  From  Table  XV 
it  can  be  seen  also  that  there  is  little  difference  in  the 
technique  used  to  measure  the  maximum  photodetector  outout . 
For  4nMy  measurements  it  was  found  experimentally  that  der- 
ivative detection  provided  the  best  means  of  locating  the 
second  order  maximum.  For  the  4 to  7 urn  films  tested  it 
was  not  possible  to  locate  the  second  order  maximum  except 
using  derivative  detection  as  described  in  the  Apparatus 
section  of  this  thesis. 

This  study  found  no  difference  in  single  versus  double 
sided  4 to  7 urn  film  as  is  shown  in  Tables  VII  and  VIII. 

The  spatial  filtering  technique  yielded  similarly  low  values 
for  the  measurement  of  W for  both  films.  The  double-sided 
film  averaged  33  percent  low  for  W while  the  single- sided 
film  averaged  37  percent  low.  The  results  for  L/H  and  Arfrij, 
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are  alao  aimilar  foi'  both  films. 

The  theoretical  part  of  thia  study  did  show  that  if  a 
Anlig  value  v.’ithin  1 percent  of  actual  value  is  desired  for 
1 to  3 um  films  with  a Q of  3i  this  Q dependence  must  be 
taken  into  account.  It  was  confirmed  that  the  industrial 
practice  of  assuming  high  Q,  for  4 to  7 um  films  with  a Q of 
3,  will  yield  a A-rrMy  value  witliin  1 percent  of  actual  value. 
The  plots  of  Figures  4 to  8 chow  this  deviation.  It  is  also 
shovm  in  these  plots  that  as  Q decreases  below  3 and  D/ll  de- 
creases below  1.5  the  uncertainty  in  ArrM^,  as  determined 
using  the  Kooy  and  Ena  equations,  may  increase  to  a maxiimim 
of  3^  percent  for  a Q of  1 aJTd  zero  field  D/ll  of  0.7. 

It  Y.’as  not  possible  to  measure  the  anisotrophy  field 
in  this  study  because  the  field  produced  by  the  bias  coils 
was  insufficient.  For  a value  of  200  G and  a Q of  3, 

a 600  Oe  field  would  be  needed.  The  coils  available  for  use 
could  only  produce  a maximum  of  300  G.  It  was  originally 
assumed  that  a pulsed  current  high  enough  to  extinguish  the 
Faraday  rotation  could  produce  tlie  required  tun sotropic  in- 
plane field.  The  coils  overheated  before  the  Hk  field  could 
be  established. 

Possible  Sources  of  Discropeuicy 

The  question  of  v/hy  this  study  produced  results  tliat 
differ  significantly  from  the  manufacturers  was  examined  and 
the  following  explanations  arc  proposed. 

The  proper  technique  for  magnetic  preparation  of  the 
sample  was  not  employed.  Henry  published,  too  late  for  it 
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to  be  implemented  in  tV\ir>  research,  his  tcclniique  for  sample 
preparation  (Ref  12:1^29)  :ind  emphasiiied  the  importance  of 
preconditioning-  It  is  believed  that  not  only  must  the  seun- 
ple  be  free  from  gross  defects  but  that  the  sample  must  be 
in  a true  relaxed  state  for  consistent  measurements  to  be 
taken  using  the  spcitial  filtering  technique.  Henry  used  a 
ramped- ampl i tudo , sinusoidol,  saturating  field  with  a 10 
second  ramp  period.  Unfortunately  equipment  was  not  avail- 
able to  produce  this  type  of  preconditioning.  The  techni- 
ques used  in  this  study  were:  1)  a manually  ramped  DC  field, 
2)  a manually  ramped  DC  field  suddenly  removed  at  maximum 
field,  and  3)  a manually  ramped  AC  field. 

It  is  possible  that  the  manufacturers'  data  is  not  ac- 
curate, especially  for  films  with  a stripe\.'idth  of  1 to  3 urn. 
The  manufacturer's  data  was-  obtained  optically  and  the  re- 
solution of  the  microscope  used  to  determine  VJ  and  ArrMcj 
could  be  marginal,  making  accurate  measurements  difficult. 
Also  the  calibration,  accuracy  or  preconditioning  of  the 
sample  by  the  manufacturer  is  not  known.  Photographs  taken 
of  VJ  using  a Zeiss  microscope  show  up  to  15  percent  differ- 
ence in  stripewidth  from  the  value  quoted  by  t)io  maiiufac- 
turer  as  can  be  seen  in  Tables  IV,  V,  VI,  VII,  VIII,  XII, 

XIII  and  XV.  However  these  photographs  were  taken  without 
knowing  the  exact  preconditioning  technique  to  which  they 
had  been  subjected.  It  may  be  that  5 "to  15  percent  is  the 
expected  range  of  difference  depending  on  the  precondition- 
ing technique  applied.  The  manufacturers'  thickness  value 
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was  mcasurud  using  optical  spectroscopy  with  unknown  accu- 
racy. This  study  used  H as  determined  by  the  manufacturer. 

The  experimental  apparatus  was  checked  and  rechocked 
for  systematic  error.  ISo  systematic  error  was  found  in  the 
maximum  as  the  spatial  filter  was  positioned  along  optical 
bench  for  the  determination  of  nor  was  any  systematic  er- 
ror found  during  the  measurement  of  the  field  to  calculate 
W.’o.  The  measurement  of  spatial  filter- to-bubble  film  dis- 
tance was  accomplished  at  least  four  times  for  each  trial 
and  the  results  averaged.  The  radius  of  the  spatial  filter 
was  rechecked  and  tlie  calibrating  tec}uiique  for-  the  optical 
bench  examined  for  possible  error,  hone  v.'as  found. 

It  may  bo  possible  that  the  passbnnd  of  the  spatial 
filter  is  to  narrov/.  Prom  Figure  19  it  can  be  seen  that  the 
width  of  the  diffracted  beam  is  approximately  i cm  at  30  cm 
from  the  bubble  film.  It  was  believed  that  at  10  cm  the 
diffracted  beam  was  only  2 mm  wide  arod  that  the  1 mm  ( .030 
in)  passband  of  the  spatial  filter  would  accurately  locate 
the  mean  diffraction  angle  for  both  VJ  and  measurements. 

It  was  learned  from  Dr.  Henry  that  he  used  a wider  passband 
spatial  filter  such  that  the  signal  detected,  when  the  beam 
w'as  centered  in  the  passband,  contained  none  of  tlie  refer- 
ence signal,  rather  than  a maximum  of  twice  the  reference 
signal  as  used  in  this  study  (Ref  9). 

Finally  it  may  be  that  the  films  selected  had  a partic- 
ularly high  coercivity  and  were  magnetically  or  physically 
defective.  The  preconditioning  technique  is  importimt  in 
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the  raacnetic  relaxation  of  bubble  films,  but  if  the  film  is 
magnetically  or  physically  defective  it  is  possible  that  no 
preconditioning  technique  would  yield  consistent  results. 


Magnetic  and  physical  defects  tend  to  "pin"  i.e.  to  immobi- 
lize the  stripes  and  it  may  be  that  even  125  periods  is  not 
sufficient  to  average  out  localized  defects. 

Recommendations 

1 . It  is  recommended  that  a wider  selection  of  samples 
be  tested  using  the  raicrovoltmeter  to  determine 
the  maximum  response  for  \i  calcu]  ations , cind  that 
the  Loclc-In  Amplifier  be  used  in  conjunction  with 
derivative  detection  for  ^Mg.  It  is  recommended 
that  4 to  7 urn  films  be  selected  and  the  same  pre- 
conditioning technique  that  Henry  used  be  employed 
(Ref  12; 1529)  . 

2.  It  is  recommended  that  a spatial  filter  be  con- 
structed with  a 2 cm  passband  for  a nominal  10  cm 
spatial  filter-bubble  film  distance.  This  filter 
should  be  used  to  determine  if  aiiother  type  of 
derivation  detection  yields  better  results. 

3.  Diffraction  studies  should  be  done  on  1 to  3 urn 
films  to  determine  if  there  is  enough  diffracted 
light  in  the  second  order  to  be  detected.  Studies 
should  be  done  to  determine  why  a large  AC  field 
provided  a signal  for  sample  6-20-12  and  6-20-11 
of  Table  XII  and  XIII,  respectively. 

4.  Some  method  must  be  found  to  measure  Q,  either  di- 
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rectly  or  indirectly.  One  possibility 
struct  coils  larce  enough  to  provide  a 
field  which  should  be  sufficient  for  a 
assuming  a maximum  of  500  G. 


is  to  cori- 
1500  Oe 
Q of  3 
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Fj^oeeaa  i nj_,,  edited  by  Ihui  Chan,''.  New  Voi'Ki  li.FK  Frer.a, 
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Appendix  A 

Appendix  A contaiiiG  the  liat  of  equipment  uaed  and  the 
spccificationr.  for  tlio  componenta  of  Figure  10. 
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The  Fortran  computer  prop.riun  o 
tion  u::(  ci  to  rrnerate  Ta\>lea  o.(  F/J' 


PROGRAM  74/74  OPr=l  PTN  4.5f414 


PROGRAM  BOB4  ( INP'JT , OUTPUT  , PL  OT , T A Pfl ) 

C 

C 

C A PROGRAM  TO  TA9JLATF  ANO  PLOT  TMF  THE  K AMO  EO.  (10) 

C i 

C PFRIon  IS  0,THIC<NESS  IS  H,  MAGNE TI7 A T lOM  IS  M j 

c pharacteristic  length  is  L • 

P THE  PROGRAM  COMPUTES  L/H  AS  A rCN  0"  0/H,1  AND  M/MS 

C 

C PLOT  1 IS  M/MS=0,n/H=  0,5  TO  1.5 

C PLOT  2 IS  M/MSsO. 5,0/H=0.5  TO  1.5 

C PLOT  7 IS  M/MS=0, 0/M=l,5  TO  ?.5 

C PLOT  4 IS  M/7S=0. 5,0/H*  1.5  TO  2.5  ^ 

C PLOT  P IS  M/MS=  O.,0/H  = 2.5  TO  3.5 

C PLOT  G IS  M/MS  = 0.5,0/h=  2.5  TO  7.5 

C 

DIMENSION  STORCOO)  ,X(103),Y1(103),Y2(10  3),Y3(107),Y4(10  3) 

DIMENSION  STORdO  ) 

REAL  M.LOVH  < 

INTEGER  CO.STORCO 
DATA  01/3,141592354/ 

C RANGE  OF  Q IS  1-7,1000 

C 

C RANGE  OF  M/MS  IS  0.0  AND  0.5  THE  SE  PTS 

C 

r.  ALL  DIM  ARE  CGS 

00=0.5* 

YST=].0 
DO  20  11=1,3 

M=0.0  ; 

DO  10  1=1,2  1 

n=nn  j 

PRINT  14, M 

14  FORMAT  (*1*, lOX, •TABLE  OF  O/M  VS  L/M 
lEOR  Q FQ  1 TO  7 INCLUSIVE  ANH  0 EQ  10  00», 

210X,*M/MS  = *,E10.4/) 

PRINT  15 

15  EORMAT(19x,»0=1», 12X,*D=?*,12X,*0=3», 

3l?X,*n=4*,12X,*a=5*, l?X,»n=6*,12X,  i 

4*0=7*, 12X, •0=1000*)  I 

PRINT  16 

16  FORMAT (3X,*0/H*,1 IX, b (•-L/H*  , IIX)  / 

1?X,9(10(*-*),5X)/)  f 


r 


i 

I 

1 


I 


i 


1 

THIS  PAGE  IS  BEST  QUALITY  PRACriCXaLl 
mw  OA>i'Y  KUKMSlli!^  I\>  UUC 


'50  11  .1=1,101 

PRINT  m,M 

TPlJ’.rO.^.^)  PRINT  lli 
in  J''. '■Q.5  1)  PRINT  16 
inj''.rQ.s?)  j?=i 
no^  ir  K=i,8 
J1  = K 

OsK 

TF(0.rO,8)  0=1000. 

U=l.*l  ./o 

ijrTsROPT  (0) 

CALL  RIIMIPI  ,M,  LOT  ,0,R0H,C0) 
STORCO ( Jl) =CO 


L0VH=  (?,*n*3*S0N)  / ((I  .♦URT) 

IFCO.r.T  .C.OO.ANO.O.LT  .1.01)  YK  J)  =L0VH 
IF(0.GT  ,C.09.  AND.  Q.LT.T.Cl)  V'’(J)=L0VH 
IF(O.r.T.4.y9,ANO.0.LT.:..01)  Y3(  Jl  =LOVH 
IF(O.GT.q9q.99.ANO.Q.LT.1000.01)  Y4( J)=LOVH 
STOR( 1 ) =P 
5;T0R(  J1  ♦ 1)  =L0VH 
12  CONTINUE 

j?=j:'*i 

PRIN"^  13,  (STORdA)  ,I  A=l,9) 

1.3  FORM.IT  (lX,Fq.2,‘;'(  ,8(F8.?,  7X)  ) 

X(j)=n 

WRIT*- ( l,r5)  X(J),Y1(J),Y?(J),Y3(J),Y4(J) 

25  form:  T (IX, RlGl’. 6,4V)  ) 

B=q+o. 01 

11  CONTINUE 

CALL  PLOT  (0. C,-T,0,-3) 

CACL  PLOTd.O  ,1.0  ,-.3) 

X(l02)=nB 

X (1 ni) =.20 

Y2(10  2)=Y.3(10?)=Y4(10  2)=Y1(10'’)=YST 
Y2(  1C  3)  =Y.3  (10  I)=Y4(l  C.T)  = Y1  ( 10  ^)  =n  .01? 

CALL  AXIS( C.O , 0. 0 , 3Hn/M,-3,?. 5,  0. 0,X ( 102)  , V ( 103)  ) 
CALL  AVIS(0.0,0.0,3Nl7N,3,9.0,q0.0,Yl(102),Yl(lP3)) 
CALL  I IN( (V,Yl,101,l,?,2) 

CALL  LTNE(X,Y2,10 1,1 ,6.3) 

CALL  LINF(X,Y3,101,1,7,4) 

CALL  LINFI X,Y4,1J1,1 ,8,?) 
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r' 

CALL  «;yMnOl.  (1  ,7,0.  , -n 

CALL  '^YMUOLd  .5,  ,0.  ,3) 

CALL  f^YMMOL  (1  , ,8. ‘i,  . 14,  3, 0.  , -1)  i 

CALL  *tYHUOL  (1  .5,  8 .5,  . l4,3Hn=3,0.,  3) 

CALL  f^YMUOL  { 1 . ,8  . 3,  . 14,4, 0. , -1) 

CALL  <;YMnOL  (1  .5,  8 ,U,  . l-,,3HO  = ?,  3 . , 3) 

CALL  CYMPOL (1 .,7.5,.14,5,0.,-1» 

CALL  SYMOOLd  .5,^.=J,  . 14  , feHOr  i 00  0 , 0 . , 6 ) 

CALL  SYMBOL ( 3 .0, 3 .V, . 1-,CMM= , 0 .,7) 

CALL  N'IHP«:R(3 .5,  3 .5,  , 14,*^,  0.  , H 
CALL  PLOTdO.0,0.  0,-^) 

MsHfO  . P 
10  CONTINUF 

pn=n'^  + i .0 
YRTrYSTfO. 09 
20  CONTINUE 

CALL  PLOTE(N) 

5T0P 

END 

SUBROUTINE  SUM  74/74  OPT=l  ! 


subroutine  SUM(PI  ,M,  URT,9,';0M,Cr)) 

REAL  PI  ,M,URT,TERM,ARGA,ARr,SIN,SINARG 
REAL  EXPARG,PLAC, Z,SOM 
INTEGER  II,C0,C01 ,C02,C03 
OIM'-NSION  plAC(4> 

DATA  7/0.0/ 

DATA  (olAC(IA)  ,TA  = l,4)/4{0.0) ' 

SOM  = ''.  0 
11  = 1303 
ARGA=1.*M 
DO  30  1 = 1, II 
CO=I 

ARGSTN= ARGA*  CO*3I /2. 

,SINARG  = SIN(ARGSIN  > 

’ ARGEXP=-2.*PI*C0*URT/9 
IE (ARGEXP.LT . -633 .)  ARGEXP=-600 . 
EXPARG  = EXP(  ARGEX=> ) 

TFRM= (SINARG^SINARG) • (1 ,-({!.♦?.» PI 
l*CO*UPT/P)  ♦EXPARG  ) ) / CO^'^G 
SOMrSO'^^TERM 
C01=C0-1 
C0?=M0n(C01 ,4) 

C03=C02*1 
PLAr(rn2*i) =soM 
IP(C03.ED.4)  31,30 

31  7 = A9S  ( (PLAC  ( 1 ) tP;.  AC(?  ) ) - (PLAr.(3) 

IfOLA-:  (4)  ) ) 

IE(7.LT.l.E-6»  RETURN 
30  CONTINUE 
RETURN 
END 
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Table  XY 1 

D/ll  vs.  L/H.  MA..  "'0.0 


0/H 


0=1 

-L/H 


0=3 

•L/H 


Q=5 

•L/H 


0=1000 

-L/H 


1.50 

.0621  2 

1 .51 

.06291 

1.5’ 

.06370 

1.53 

.06450 

1.5* 

.06531 

1.55 

.06611 

1.55 

.06693 

1.5” 

.06774 

1.58 

.06856 

1.53 

.06938 

1.60 

.07020 

1.61 

.07103 

1.5’ 

.07186 

1 .63 

.07270 

1.5* 

.07364 

1.55 

.07433 

1 .65 

.07522 

1.67 

.07607 

1.68 

,•  .0769  2 

1 .59 

.07777 

l.’O 

.07863 

l.’l 

.07949 

1.7? 

.08036 

1.73 

.08122 

1.3’4 

.06209 

1.’5 

.08296 

1.76 

.08383 

l.'^3 

.08471 

1.^8 

.08559 

1.’9 

. C 864  7 

1.80 

.08736 

.06773 

.C685F 

.06937 

.07020 

.07103 

.'07136 

.07269 

.07363 

.07437 

.07621 

.07605 

.07690 

.07775 

.07360 

.07945 

.03030 

.08116 

.08202 

.03288 

.08374 

.08461 

.08548 

.08634 

.38721 

.08308 

.03896 

.08983 

.09071 

.09159 

.09247 

.09335 


.06891 

.0697  3 

.07056 

.07138 

.07221 

.07304 

.0  7337 

.07471 

.07555 

.07638 

.07723 

.07807 

.07991 

.07976 

.03061 

.08146 

. 0 8 23 1 

.08  316 

.08402 

.08487 

.0  857  3 

.08659 

.09745 

.03832 

.08913 

.09005 

.09091 

.09178 

.09265 

. 0 9 35  2 

.09439 


.07061 

.07142 

.07223 

.07305 

.07387 

.074c>q 

.07561 

.07634 

.07716 

.07799 

.07882 

.07965 

.08048 

.08131 

. 38214 

.08298 

.0  8381 

.08466 

.08648 

.08632 

.08716 

.08800 

.08884 

.08968 

.0  005  3 

.09137 

.0  9221 

.09306 

.09390 

.09475 

.0  9660 
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1 

.08325 

.09423 

.09526 

.09644 

1.9? 

.08914 

.09511 

.09614 

.09729 

1.89 

.09003 

.09600 

.09701 

.09814 

1 .e-* 

.09093 

.09689 

.09739 

.09899 

i.fl*? 

.09182 

.09777 

.09876 

.09984 

1 .8t 

.09272 

.09866 

.09954 

.10069 

1.87 

.09163 

.09955 

.10052 

.10154 

1.88 

.09453 

.10044 

.10140 

.10238 

1 .Bq 

.09544 

.10134 

.10228 

.10323 

1 .90 

.09615 

.10223 

, .10316 

.10409 

1.91 

.09726 

.10312 

.10404 

.10494 

l.Q’ 

.09818 

.10402 

.10492 

.10579 

1.93 

.09909 

.i'0492 

.10580 

.10664 

1.94 

.10001 

.10581 

.10663 

.10749 

1 .99 

.10093 

.10571 

.10757 

.10834 

1 .9i 

.10185 

.10761 

.10845 

.10919 

1.97 

.10278 

s 

.10851 

.10934 

.11004 

1 .99 

.10371 

.10941 

.11022 

,11089 

1 .99 

.10463 

.11031 

.11111 

.11174 

2.00 

.10556 

.11122 

.11199 

.11259 

2^.01 

.10650 

.11212 

.11288 

.11344 

2.0  2 

.10743 

.11302 

.11377 

.11429 
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Table  XVII 

D/^1  vs.  L/H,  M/r.:^  = 0.5 


0/H 


1.50 

1.51 
1.5? 
1.51 

1.54 
1 .55 

1.55 
1.57 
1 .51 
1 .51 

1.50 

1.51 
1 .5? 
1.61 

1.64 

1.65 

1.66 
i.s-' 
1 .61 
1 .65 
1 .73 
1.71 
1 .7? 
1.71 

1.74 

1.75 

1.76 

1.77 
1.71 
1 .71 
1 .60 


Q = l 
-L/H 


.03996 
.03946 
.03997 
.04047 
.04093 
.04150 
.04701 
.04253 
.04305 
.0435  7 
.04409 
.04462 
.04515 
.04568 
.04621 
.04575 
.04729 
. .0478  3 
’ .04537 
.04892 
.0  494  6 
.05001 
.05057 
.0511? 
.05167 
.05223 
.05279 
.05336 
.05392 
.05H49 
.05505 


Q=3 

-L/H 


.04271 

.04324 

.04377 

.04430 

.^4484 

.04538 

.04591 

.04646 

.04700 

.04754 

.04809 

.04664 

.04919 

.04974 

.05030 

.05085 

. 05141 

.05197 

.05253 

.05309 

.0  53  66 

.05422 

.05479 

.05535 

.05593 

.05651 

.05706 

.057  65 

.05823 

.05881 

.05939 


0=5 

-L/H 


.04355 
.04408 
.04462 
.04515 
.04569 
.04623 
.04677 
.04712 
.04786 
.04841 
. 04896 
.04951 
.05006 
.05061 
.05117 
.05172 
.05228 
.05284 
.05349 
.05397 
.05453 
.05510 
.05567 
.05623 
.05680 
.05738 
.05795 
.05852 
.05910 
.05963 
.06026 


Q=1UUU 

-L/H 


.04482 
,0‘*535 
.04589 
.0  46<-.3 
.04696 
.04750 
.04804 
.04359 
.0491 3 
.04963 
.06022 
. 050'^7 
.05132 
.05188 
.05243 
.05293 
.05354 
.05409 
. 05465 
.05521 
.05577 
.05633 
.05690 
.05746 
.05802 
.05859 
.0  5916 
.0597  3 
.06030 
.06037 
.06144 
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1 .U1 
1.8? 
1.-3  3 
1 .84 
1.8*; 

1.80 
1.87 
1.83 

1.80 
1.90 
1 .91 

1.92 

1.93 
1 .9*. 
1 .99 
1.9S 
1.9’ 
1.93 
1.99 
2.0  0 
2.31 
2.0? 


.05982 

.05997 

.05620 

. 060  5 6 

.05677 

.06114 

.05735 

.06172 

.05793 

.06231 

.05351 

.06290 

.05909 

.06349 

.05967 

.06408 

.06026 

.06467 

.06084 

.06927 

.06143 

.06586 

.06202 

.06646 

.06262 

.06705 

.06.321 

.06765 

.06381 

.06825 

• 0 644 1 

.06885 

(0690  1 

.06945 

.06561 

.07005 

.06621 

.07066 

.0668  1 

.07126 

,06742 

.07187 

,0630  3 

.07247 

.06084 

.06201 

.06142 

.06253 

.06200 

.06316 

.06258 

.06373 

.06317 

.06431 

.06375 

.06488 

.06434 

.06546 

.06493 

.06604 

.06552 

.06662 

.06611 

.06720 

.06670 

.06778 

.06729 

.06836 

.06738 

.06894 

.06848 

.06952 

.06907 

. 0701  1 

.06967 

.07069 

.07026 

.07128 

.07086 

.07186 

.07146 

.07245 

.07206 

.07303 

.07266 

.07362 

.07326 

.07421 
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A])p('iuiix  C 


The  Fortran  cominil.rv  yn-oprain  of  the  Kooy  nnd  lui/.  oqua- 
tioi\  ur.cui  to  f';oiu'!'ato  HA/^ttF  verauK  D/^i!  at  *=  0 . '5  is 

lifvtrcl.  oamp.l('  value:;  from  the  table  are  alfio  liated. 
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]iMll  PAOI  IS  BEST  QUALITY  FKACIlCMWk 
jgiOM  CJOFY  monsajiD  ro  uftQ 


tom  ( T . nuTniT 

nr  h;/ ,» rT»‘":  ".r  A r'l'iniOf.' 

OP  '1/H  < AT'  0(f  ) 


o/ii  I ":  rot  v-.(  DO'T  p Pio'' 

PEAL 

htt-  I-  j yj  Mnv'"'  f ' rn , * ) 
nT!'"T,TO‘|  ( -^Ci),'-,) 

0TM"'i3n  I Tt-o"{', nc,'  ) 

pi=.<,  1 -1  .‘.-'m-  . 


r 

p TO  TM.  r.TA»1  OP  IM  ’'AML. 

15 

n ■ 

II 

"t: 

r, 

L MJM  r • 'Xr  TA-'L-  ‘ OTpT  s 

20 

i 

M r n . P. 

r 

M T > ’ 1 / 1 > 
on  1 !)  I = 1 . L 

no  11  Ti  = i ,• 

TP  (t:  . iO.  ()  i.ri . 

TV 

Tr(T'.:o.3)  o--. 

Trj-ri,  J.:.)  irilU'OIl. 
ttr-Tr  30  'T  ( 1 . + ) . /O) 

.3  0 

nf'Li.  ""  1 ( f , i.r  ' , f , vr'i , f , I j 

'Ri-  0 :>  ( T ,l  ) rO 

"p-iTd.ii  + nr/ 

T-rM c ,XT ♦ 1) =' 

MOV"'  ( ^ , 1 1 ♦ n = •'♦  ( E .•',  ) / { rj  . i>>  ( j 4.ii,^7  ) ) 

r OTiT  : 

MOV  '0  ( f , I ) =r. 

'MrT'"~f  •Af’)"  ( : , ] r ) . T *,  = l ,'  ) • 

"0  " A’'  ( K . ■ (01  r.  ■ , ..X  ) ) 

- 

oo;if  r ID ; 

PRTM"  l?,l’ 

p p ro  •"  13 

-pRir:*  r%  ...  ...... 


on  71 

K = 1 

ncTM~ 

I'*, 

(M0V*‘P(y  .’•l) 

< K = ' 0 

' (<, 

'•  1 ) 

TP  (Kn 

n. 

''HI  p'pi'j'r  1 

’P(K'< 

. 0. 

vO)  f pi'n  1. 

Tn"''T' 

o 0 1 N' : 

O 1 

on  ?3 

Kl  = 

1 *L 

n rc  T -j  T 

(•>.;  ,;  p . ( K , K ' 

noMTi'iu': 

Of’IMT  31 

-T'O  30  Vlr  1 ,L  
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The  upatial  filterin'^;  technique  u::es  the  di/‘i'ractioJi  f,r3t.tinc, 
properties  of  a mar,nf»tir  bubble  film  in  conjunction  with  the 
equations  of  Kooy  and  Kna  to  cieternino  rtripewidth , charactcrictie 
]cnf>,th,  and  saturation  nia/aietisation.  The  spatial  filter  re- 
moves unwanted  orders  from  the  diffraction  pattern.  The  filtered 
signal  is  focused  oti  a photodotector } the  first  order  diffraction 
angle  is  measured  to  find  stripewidth  iuid  the  second  order  to 
find  saturation  magnetization. 

The  Kooy  and  Unz  equations  were  computer  programmed  and 
tables  and  plots  of  charactei'istic  length/thicknoss  and  applied 
field/saturation  magnetization  pre])ared.  The  Quality  factor 
dependence  of  the  equations  was  investigated,  and  it  is  shov.n 
that  for  a Quality  factor  of  '3,  and  a domain  pcriod/thickness  of 
0.7,  a 1^1  percent  uncertainty  in  the  saturation  magnetization 
could  be  incurred. 

The  rasults  of  the  experimental  portion  of  this  study  do 
not  confii'm  the  validity  of  the  spatial  filtering  technique  for 
4 to  7 urn  films  nor  extend  it  to  1 to  3 um  stripewidtli  films. 

Of  20  trials  to  measure  stripewidth  in  4 to  7 ur.i  films  only  12 
were  wilhiii  10  peroent  of  manufacturer's  data.  Saturation  mag- 
netization values  were  up  to  ± 50  percent  of  manufacturer's 
data.  It  is  considered  possible  that  lack  of  suitable  magnetic 
preconditionin.g  before  taking  measurements  contributed  to  the 
discrcoancy  between  data  obtained  from  this  study  and  mcinufactur- 
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